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STELLINGEN
1.

Het fuseren van CT- en MRI-scans is de belangrijkste schakel in het adequaat
3D-plannen van een tumorvrij botsneevlak bij oncologische kaakresecties. (dit
proefschrift)

2.

Het peroperatief bepalen van het benige resectievlak bij een oncologische
kaakresectie is minder operateurafhankelijk wanneer gebruik wordt gemaakt van
een 3D-operatieplanning, waarbij zowel CT-als MRI-scans zijn opgenomen ter
visualisatie van het kaakbot en de tumor. (dit proefschrift)

3.

De MRI-scan gaat de CT-scan vervangen als belangrijkste beeldvormende modaliteit
in de 3D virtuele chirurgische planning. (dit proefschrift)

4.

Door de 3D-visualisatie van de ontvangen radiotherapie dosis kan de chirurgische
resectie van het door osteoradionecrose aangedane kaakbot exact gepland
worden. (dit proefschrift)

5.

Patiënt specifieke osteosynthese materialen verbeteren de accuratesse van
de beoogde verplaatsing van de bovenkaak in orthognatische chirurgie, deze
verbetering is vaak sterker naarmate de geplande verplaatsing groter is. (dit
proefschrift)

6.

Het patiënt specifiek ontwerpen van de Groningen TMJ-prothese en bijbehorende
chirurgische plaatsingsguides maakt accurate plaatsing van deze prothese
mogelijk. (dit proefschrift)

7.

De 3D-operatieplanning, het ontwerp en de vervaardiging van de Groningen TMJprothese laten zien dat de rol van de behandelaar en de fabrikant van medische
hulpmiddelen verandert. (dit proefschrift)

8.

Het digitaal uitgeven van een proefschrift een voordehand liggende keuze.

9.

Veelal wordt gesproken over een precies (chirurgisch) resultaat, waar men eigenlijk
accuraat bedoelt.

10. De technisch geneeskundige is (genees)-kundig genoeg wanneer deze een
klinische specialisatie opleiding heeft voltooid.
11. Het integreren van een technisch geneeskundig specialist binnen de afdeling MKAchirurgie waarborgt efficiënt en adequaat gebruik van 3D technologie.
12. (3D-) plan your operation, (3D-) operate your plan. (naar S.R. Schelkun- lessons from
aviation safety)
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CHAPTER 1
GENERAL INTRODUCTION

General introduction

GENERAL INTRODUCTION
Plan your operation
Three dimensional (3D) virtual surgical planning (VSP) has become a structural
component of multiple care paths in oral and maxillofacial surgery (OMFS). These
include head and neck oncology, orthognathic-, temporomandibular joint-, craniofacial
trauma surgery and implantology (1-4).
A 3D VSP is based on radiologic imaging data that are, in most cases, already part of
the routine pre-operative/diagnostic work-up. The 3D VSP imaging workhorse for
OMFS is a computed tomography (CT) or Cone Beam CT (CBCT) dataset. It can also be
a Magnetic Resonance Imaging (MRI) or Positron Emission Tomography (PET) dataset,
or a combination of these modalities, as demonstrated in this thesis. Dedicated 3D VSP
software gives a detailed 3D virtual model of the patient from these datasets in order to
measure, evaluate, simulate or correct parameters that are relevant for the treatment.
This 3D VSP concept has evolved from a supporting virtual measurement and evaluation
tool to an integrated method that allows complete preoperative surgical decision making
and a patient specific implant design for surgical procedures. Furthermore, it allows
preoperative evaluation of multiple treatment scenarios and accurate comparison with
other cases or experiences, all in a complete virtual setting (4-10).
The 3D VSP is translated from the virtual environment to the actual surgical procedure
by using 3D printed patient specific guides and templates or real-time surgical
navigation techniques (4). This thesis will focus on applications that can be translated
by 3D printed surgical guides. These guides are unique for each patient and are fitted,
after sterilisation, onto the patient during surgery. They can support the surgeon’s
armamentarium in order to perform an osteotomy, for example, according to the virtual
planning. In addition, this concept can enable exact placement of custom implants or
osteosynthesis materials. The use of 3D VSP and guided surgery, combined with custom
implants, has led to improved accuracy, outcome predictability and was reported to
be time saving (6, 11-15). In Figure 1 a schematic overview of a 3D VSP workflow, for a
head and neck oncology case, is presented as an example. The steps that are part of this
workflow are representative for other applications in OMFS described in this thesis as
well.
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Figure 1: An example of a 3D VSP workflow. The example presents a head and neck oncology
case.

This new era of 3D VSP requires the following components to be optimised:
1.
2.
3.
4.

Integration of multi-modality imaging into a single 3D VSP.
Systematic comparison with conventional methods, including thorough testing
and validation of new 3D VSP applications.
Definition of adequate indications for the use of 3D VSP.
Definition of required technical and medical expertise which can conform to the
correct implementation of 3D VSP.

This thesis addresses these components and aims to present new and validated
methods in three main OMFS pillars.

The Technical Physician – A high tech health professional
Adequate implementation of 3D VSP in the clinical routine requires easy access to a 3D
software environment, in which the 3D VSP is set-up and adjusted. Moreover, both the
acquisition and processing of the radiologic image data should be optimized for 3D VSP
(16, 17). Such optimisation and processing in the 3D VSP software requires expertise
in imaging, software, surgical procedures and anatomy as well as pathology. It also
requires expertise in the fusion of imaging data, delineation of pathology, segmentation
of anatomical structures, surgical approaches, virtual resection and reconstruction
and finally in the design and fabrication of patient specific medical devices. Basically,
substantial technical expertise, combined with radiological and surgical expertise, is
required in order to develop, validate and implement 3D VSP applications.
A new health professional, the Technical Physician (TP), was introduced in the
Netherlands in 2003. The TP is trained in a combination of the above mentioned fields
of expertise. The TP is trained to independently perform reserved clinical actions,
equivalent to a physician, as well as to understand the technology from an engineer’s
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perspective. Under Dutch law, the TP is allowed to perform specific clinical actions, as
the profession is registered in the Wet Beroepen Individuele Gezondheidszorg, (BIG),
Article 36a Wet BIG (18, 19).
The TP can be seen as a recent addition to the already multi-disciplinary team of
professionals that diagnose, treat and take care of patients in the field of OMFS through
innovations and by accelerating the use of the latest technological applications, as will
be described in this thesis, on the 3 main OMFS pillars. This thesis aims to optimize the
workflow for- and clinical integration of 3D VSP and, when applicable, patient specific
osteosynthesis within OMFS.

Operate your plan
The adage ‘plan your operation and operate your plan’ applies to every surgical
procedure (20), not just to the application of 3D VSP. Three dimensional VSP is, however,
the current instrument to ‘plan your operation’ with multiple applications within OMFS.
Therefore, this thesis will provide an overview on how the (3D) planning of surgery can
be optimised using multi-modality data fusion, a combination of 3D software pathways
and 3D printing and milling techniques for patient specific medical devices. These
applications have been developed and systematically validated by a multi-disciplinary
team that was supplemented with the expertise of a new health care professional: the
technical physician.
The sections below give a detailed introduction to the developments and potential 3D
strategies within this thesis, per sub discipline.

Surgery in head and neck oncology – What about the margins?
Surgical removal of squamous cell carcinomas in the oral cavity close to or within
mandibular bone, often necessitates resecting part of the mandible with a microscopic
free margin of at least 5mm on both sides of the resection, according to current clinical
guidelines (21). The oncologic-surgical challenge is to plan and perform an adequate
resection with sufficient margin, based on the pre-operative information. Nowadays,
mandibular malignancy resections frequently include the use of 3D VSP and guided
surgery techniques based on CT data. Both intra-operative navigation and 3D printed
surgical guides have been proven to provide precise translation of the 3D VSP to the
surgical procedure (5, 13, 22, 23). Despite accurate translation of the VSP, it is not always
clear where to virtually plan the resection margins on the mandible in the first place,
which necessitates intraoperative exploration. This can lead to uncertainty in surgical
outcome. The planning for adequate tumour removal should include detailed bone
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information as well as tumour characteristics such as localisation, size, shape and
extension (24). It is best to extract this information from multi-modality imaging: CT
and MRI together (25). Until recently, most 3D VSP applications were based on CT data
only (13, 23).
It is reported that a fusion of CT and MRI 2D slices combines the sensitivities of both
modalities. This provides the surgeon with more accurate information regarding
the tumour in relation to the surrounding structures (24, 26-29). The combination of
information with regard to localisation, extent, size and shape, as provided by CTs and
MRIs is crucial for adequate resection planning (24, 29). A fusion of these modalities is
already being performed routinely within e.g., the field of radiation oncology(30), as
well as for several applications in the field of orbital, pelvic and skull base region tumour
surgery (24, 31, 32).
This thesis aims to develop and validate, through cadaveric testing and clinical
integration, a modular workflow that enables CT and MRI data fusion to optimise safe,
3D VSP oncologic resections of the maxilla or mandible. The accuracy of plannedversus performed resections, and the number of non-tumour free bone resections, in
comparison with a historic cohort, are the outcome measures that objectify the added
value of such a workflow.
‘MRI only’ 3D VSP
According to the workflow described above, MRI is the main 3D VSP tumour identifier
for oncologic resection planning (24, 29), whereas CT is the modality that provides just
the 3D bone model. This multi-modality workflow necessitates fusion of both the MRI
and CT data, potentially introducing an accuracy error of >1mm (17, 33, 34).
A next step towards optimising the 3D VSP workflow would therefore be a 3D VSP
planning based on a single modality, still providing a 3D model of both the tumour and
the bone. Here, MRI is the most promising for a single-image-modality VSP workflow,
since both tumour and bone information can be retrieved from MRI data (16, 35, 36).
The aim of this thesis is to explore the options for MRI mandibular bone modelling as an
alternative for the CT-MRI-based workflow for mandibular resections and reconstructive
surgery planning in oral cancer surgery.
Three dimensional VSP applied to surgical management of osteoradionecrosis
The previously described workflow enables the fusion of multi-modality imaging
(CT, MRI and PET). Besides oncologic resections, it can have other applications as
well. Osteoradionecrosis (ORN) is defined as bone death following radiotherapy (RT),
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characterized by a non-healing area of exposed bone (37, 38). When a patient develops
severe, or class III, ORN (39, 40) a surgical intervention may be indicated, including the
removal of the affected bone. Currently, however, these procedures do not use the
3D VSP concept, as no consensus has been reached as to where and how to plan the
resection margins.
There is a pathophysiological relationship between the occurrence of ORN in the jaw
and the radiation dose i.e., the radiation dose is reported to be a risk factor for the
development of ORN. The risk of developing ORN with a dose of 40-60Gy is considered
to be medium whereas 60Gy is frequently reported as high (41-44).
Including the original radiation dose as a visual volume into the 3D VSP can support the
decision with regard to resection planning. This thesis introduces a method for 3D VSP
based on the 3D information from the received, causative, radiation dose; the received
dose can be visualized for each location of the affected bone. Moreover, this visualization
technique can be applied to plan the drilling of screw holes for osteosynthesis plate
fixation, in the case of necessary secondary reconstruction, outside the high dose field.

Orthognathic Surgery – Maxillary patient specific osteosynthesis
Similar to head and neck oncologic surgery, 3D VSP has contributed to the evolution
of these procedures in orthognathic surgery, improving the diagnostics, accuracy and
predictability of the outcome and allowing for pre-operative simulation of surgical
options (45, 46). In comparison to the conventional 2D cephalometry and plaster based
surgical planning, 3D VSP enables improved anatomical landmark identification through
a combination of multi-modality imaging (e.g., CBCT and 3D stereo photogrammetry)
and improved simulation of soft tissue effects (4, 45, 46). Good clinical outcome of
the actual surgical procedure depends on adequate translation of the 3D VSP to the
patient. In orthognathic surgery, the maxilla is usually guided and positioned during a
Le Fort I osteotomy by a splint (47, 48), supported by intra- and/or extra oral reference
points (48). The use of 3D VSP has led to the introduction of 3D printed or milled splints.
They are translation instruments which are reported to be more accurate and reliable
in comparison to conventional splints fabricated manually on plaster models of the
dentition. However, they do not change the translation concept of the planning towards
the surgical procedure (48-51). Despite an increase in accuracy of the splints when using
3D VSP, the translation of the planning to the surgical procedure remains subject to
variations, due to errors in seating the splint, vertical positioning and intraoperative
condylar sag (51). In addition, mandibular or condylar positioning during surgery
causes most of the deviation in positioning the maxilla, and not the splint itself (52, 53).
Several splintless procedures have been developed to overcome the translation errors
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introduced by a splint that is related to the mandibular position, in order to translate
the maxilla to the planned position, using patient specific osteosynthesis (PSO) (8, 12,
14, 49, 54-57). These reports, however, only include case reports and small series, which
lack a systematic comparison with the conventional splint based workflows. The use of
PSO for maxillary fixation requires a surgical guide or template that indicates the correct
position of the screw holes and planned osteotomy. The value of PSO applications in
head and neck oncology have already enabled accurate fixation of two bone segments
based on the 3D VSP (5, 58, 59). This same technique should ensure, in the case of
orthognathic surgery, exact translation of the maxilla to the planned position.
This thesis aims to develop, validate and objectify the value of a workflow for 3D VSP and
PSO in orthognathic Le Fort I surgery. The primary outcome measure is the deviation in
millimetres of the planned vs. the realised maxillary position.

Temporomandibular joint surgery – The Groningen principle custom TMJ
total joint replacement
The third part of this thesis describes the development and validation of a custom 3D VSP
based total temporomandibular joint- total joint replacement (TMJ-TJR) device based
on the previously mechanically and materially in vitro and in vivo tested techniques and
applied as a stock variant (60, 61). The aim of the device is to improve TMJ functionality
and reduce pain, according to a previously reported concept of the Groningen TMJ-TJR
device with a lowered centre of rotation (62, 63).
Patients suffering from osteoarthritis, ankylosis, post-traumatic ankylosis or tumours in
the TMJ area can present with symptoms such as severely restricted mouth opening,
pain or other dynamic restrictions of the mandible. A TMJ-TJR device may be indicated
when conservative treatment or regular open joint surgery (gap-osteotomy with
arthroplasty) do not suffice (64). Previous studies have reported that placement of TMJTJR devices can also improve maximum mouth opening and reduce pain (64, 65) but, a
stock TMJ-TJR device can fit sub-optimally; requiring per-operative bone re-contouring
of the fossa area in particular, or it can result in post-operative malocclusion due to
inadequate condylar length (65, 66). Moreover, the TMJ-TJR devices require osseointegration in order to remain functional in the long-term. This can only be achieved
as long as the fossa and mandibular parts are in proper and primary stable contact
with the host bone (67, 68). Application of 3D VSP, followed by customisation of the
TMJ prosthesis and adaptation of the bone connective surfaces to the anatomy of the
individual patient, could overcome these problems.
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The aim of this thesis is to optimise and customize the design of the Groningen TMJTJR device, through the implementation of patient-specific 3D VSP and the use of 3D
printing. The accurate translation from 3D VSP to the actual placement will be validated
in a human cadaver series. It is hypothesized that the customized TMJ-TJR device and
the introduction of custom placement guides provides an accurate translation of the 3D
VSP towards the cadaver.

GENERAL AIM OF THE THESIS
The general aim of the research presented in this thesis is to develop and validate
optimized 3D VSP workflows for three main Oral and Maxillofacial Surgery pillars.
These pillars are: head and neck oncologic surgery, orthognathic surgery and
temporomandibular joint surgery.
The specific aims are:
•
•
•
•
•
•
•
•

Development and validation of a CT and MRI data fusion workflow, for 3D modelling
of both bone and tumours (chapter 2).
Clinical integration of the multi-modality workflow in order to evaluate and improve
tumour free bone resection of the mandible (chapter 3).
Exploration of potential improvements in the accuracy of the 3D VSP workflow with
the introduction of ‘MRI-only’ planning (chapter 4).
Introduction of 3D VSP into secondary surgical treatment of ORN resulting in
adequate resection and screw position planning (chapter 5).
Development and validation of an accurate transfer protocol of the 3D VSP, for
maxillary translation, in orthognathic surgery, by means of PSOs (chapter 6).
Objectifying the added value and specifying indications for the use of PSOs in
maxillary orthognathic surgery by means of a multi-centre RCT (chapter 7).
Optimizing a combination of 3D VSP and CAD/CAM customizations in order to
improve the Groningen TMJ prosthesis in terms of placement accuracy (chapter 8).
Integrating the expertise of a new high-tech health professional, the technical
physician, into the clinical routine of head- and neck oncologic surgery, orthognathic
surgery and TMJ surgery (chapters 3, 7 and 8).
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ABSTRACT
Objectives. Three-dimensional virtual planning of reconstructive surgery, after
resection, is a frequently used method for improving accuracy and predictability.
However, when applied to malignant cases, the planning of the oncologic resection
margins is difficult due to visualisation of tumours in the current 3D planning.
Embedding tumour delineation on an MRI, similar to the routinely performed radio
therapeutic contouring of tumours, is expected to provide better margin planning.
A new software pathway was developed for embedding tumour delineation on MRI
within the 3D virtual surgical planning.
Methods. The software pathway was validated by the use of five bovine cadavers
implanted with phantom tumour objects. MRI and CT images were fused and the
tumour was delineated using radiation oncology software. This data was converted to
the 3D virtual planning software by means of a conversion algorithm. Tumour volumes
and localization were determined in both software stages for comparison analysis. The
approach was applied to three clinical cases.
Results. A conversion algorithm was developed to translate the tumour delineation
data to the 3D virtual plan environment. The average difference in volume of the
tumours was 1.7%.
Conclusion. This study reports a validated software pathway, providing multi-modality
image fusion for 3D virtual surgical planning.
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INTRODUCTION
The use of three-dimensional (3D) virtual planning in oncologic- oral and maxillofacial
surgery provides more predictable outcomes in terms of tumour resection, free
flap placement and dental implant based prosthetic rehabilitation (1-3). 3D planned
tumour resection using either 3D printed resection guides (4) or computer assisted
intra operative guided resection (5) has shown to provide precision for surgeons during
ablative procedures. Currently, reconstruction of maxillary or mandibular discontinuities,
with vascularised free flaps, is based more and more on 3D virtual planning using
3D printed surgical guides and/or intra operative navigation (5-10). An increase in
reconstructive accuracy and pre-operative insights are two examples of direct benefits
from 3D virtually planned surgery. In order to translate this virtual planning to the actual
surgical procedure, several methods are available. A commonly used method is the 3D
printed, bone abutted, surgical guide, for cutting and drilling. In addition to the guided
harvesting of the free flap, the guided insertion of implants was reported (1). Computer
assisted Surgery (CAS) with intraoperative navigation systems (e.g. Brainlab, Medtronic
or Scopis) enables 3D virtual planning of tumour resection as well (11). These systems
use intra operative skull anchored reference points for finding pre-operative marked
points on an MRI or CT and are very accurate for maxilla resection. However, these
systems are not validated by the manufacturer for use in the mandible due to a lack of
a fixed reference point, although the use of CAS in mandibular resection was already
reported (10)
The use of a recently developed method including a patient specific fixation plate
enables such a rigid and predictable fixation in the mandible and maxilla; both freeflap reconstruction and implant insertion in that flap can be combined within a single
surgical procedure (12, 13) This primary reconstructive technique has already been
implemented for benign cases or patients with osteoradionecrosis. When, however,
applied to primary malignant cases, the risk of incorrect determination of the resection
margins is a substantial clinical problem (9). The decision to extend the margins during
the surgical procedure can imply that the surgical guides and customized fixation plate
cannot be optimally used or are no longer serviceable.
Determination of oncologic margins is an applicable issue in primary malignant
situations, as guidelines state that at least a ten millimetre tumour free margin is required
in the case of erosive bone defects (14). The potential discrepancy between planned
and actual surgical margins are caused by a lack of 3D information concerning bony
infiltration and tumour spread derivable from computed tomography (CT) imaging.
Hence, in current practice, the malignancy is removed during the first procedure with
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some uncertainty about the bony marginal status; the free-flap reconstruction is then
placed in the resected area. 3D planning allows accurate surgical resections by means
of 3D printed surgical guides. But if the margin-planning is not performed adequately,
the 3D planning method results in uncertainty with regard to resection margins. It may
be necessary to revert to the conventional surgical approach during surgery, or result in
a positive bone margin. Current 3D virtual planning is regularly based on Cone Beam CT
(CBCT) or CT images. With CT imaging, the bony structures are segmented and included
in the 3D virtual plan. However, because of the inherent properties of the acquisition
device, Magnetic Resonance Imaging (MRI) is preferable to obtain more detailed soft
tissue- and tumour expansion and invasion information (tumour delineation) (15).
Combining both tumour expansion and invasion information as derived from MRI
with the corresponding bone anatomy from the CT provides essential decision making
information concerning the degraded bony tissue and thereby the localisation of
bone resection margins. In order to combine both image modalities, image fusion is
required. By using multi-modality image fusion and tumour delineation the oncologic
margins can be potentially included in the 3D virtual planning. The aim of this study
is to provide a validated software pathway for the integration of tumour margins
into 3D virtual surgical planning for both the maxilla and mandibula. This pathway
can enable accurate primary reconstruction, even for the insertion of dental implants
during primary surgery in benign and malignant cases. Development of a compatibility
algorithm which enables multimodal image fusion and margin delineation during the
3D virtual planning is the first step. Acquiring data from animal cadavers with phantom
tumour objects can provide an insight as to whether the developed software pathway
is reliable and leads to reproducible margin data in 3D planning.
The primary outcome is a validated software pathway for comparison of the measured
volume of the phantom tumour objects before and after the translation; the final aim is
surgical plan software.

MATERIAL AND METHODS
In this study a validated software pathway was developed for combination of image
fusion, oncologic margin delineation, 3D virtual planning of the resection and 3D
planned reconstruction of the defect. Figure 1 represents a schematic overview of the
software pathway. The already available software architecture of both the department
of radiation oncology and the 3D planning centre in the hospital was used. The Mirada
(Mirada Medical, Oxford Centre for Innovation, United Kingdom) software was used for
the data fusion and margin delineation. The 3D virtual surgical planning was performed
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with the Pro Plan CMF 2.0 (Materialise, Leuven) software. To translate the 3D tumour
volume determined in the MRI to the 3D plan based on the CT file, a compatibility
algorithm was developed by Matlab (Mathworks, Natick, Massachusetts, USA).

Figure 1: Schematic overview of software pathway.

A series of five bovine cadaver mandibles were used to test and validate the software
pathway. A standardised phantom tumour, in the shape of a plastic sphere filled with
a solution of barium sulphite and water, represented a malignancy. The phantom
tumours were fixed onto the cadaver jaws at different locations with two-component
dental impression paste (Provil Novo Putty®, Heraeus Kulzer GmbH,Hanau, Germany),
as illustrated in Figure 2. All the cadavers with the phantom tumours were CT scanned
(Siemens AG Somatom Sensation 64) and MRI modalities (Siemens Magnetom Aera,
1.5 Tesla). Regular head and neck protocols were used for the CT imaging and MRI
sequences. In addition to the 3D MRI sequence, the regular protocol, T1 vibe traisotrophic, was used as a comparison.
Manual global positioning of the MRI images, projected onto the CT images, was
performed for data fusion. This is a standard technique in image fusion and is typically
supported by radiotherapeutic planning software. This was followed by automatic
rigid registration with a focus on the selected region of interest including the phantom
tumour and surrounding tissues. The image fusion was visually inspected in order to
detect any mismatches after the fusion process.
Delineation of the gross tumour volume (GTV) was performed by a contouring brush
tool in the software. The phantom object, being a spherical object, enabled straight
forward contouring. The sphere was amply selected on the MRI images. The contour was
decreased with an automated shrinkage tool until the exact borders of the phantom
were found; then the total volume of the GTV was registered, as presented in Figure
3. The delineation of the entire object was visually inspected again on both the MRI
and CT images. The CT dataset was then exported together with a radio therapeutic
structure set (RTSS)-file of the contour.
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Figure 2: Picture of the bovine cadaver set-up, including the phantom tumour object (enlarged
image).

Figure 3: A.) Fusion of MRI (red) and CT (grey) data of bovine cadaver. B.) Fused images. C.)
Delineation of phantom tumour object (green).

Both the RTSS-file and the CT dataset were combined using the developed compatibility
algorithm. The algorithm produces a digital image and helps in the communication
between the medicine (DICOM)-file and the CT images as well as the information from
the RTSS-files and thus functions as the basis for the 3D virtual surgical planning.
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To determine the validity of this software pathway, the volumes calculated in the
Mirada- and Pro Plan software were compared using a ratio. The average ratio of the
five samples quantified the accuracy of volume representation after completion of the
software pathway.
Once the bovine setup was validated, the same software pathway was applied to a series
of three clinical cases to validate the procedure for use in clinical practice. Delineation of
the tumour after image fusion provided segmentation of the tumour in the 3D virtual
planning. Determination of resection margins of the maxilla/mandible was performed
based on the 3D visualisation of the tumour. Figure 4 represents a 3D virtual model
of an example case with the resection margins, coloured in blue, derived from the 3D
projected model of the tumour.

Figure 4: Three-dimensional virtual model of CT bovine cadaver data, including a segmentation
of phantom tumour object (yellow) and an example resection margins.
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RESULTS
A compatibility algorithm was developed to combine data fusion and 3D virtual planning
software. This algorithm, as part of the 3D software pathway, enabled the combination
of radio therapeutic data fusion- and tumour delineation (Mirada) principles with 3D
virtual surgical planning (Pro Plan).
In more detail, the algorithm introduces a voxel-highlight on the CT image for every
voxel coordinate present in the RTSS-file. This means a highlight for every selected
voxel within the GTV delineation. The highlight was achieved by increasing the value
(in Hounsfield units) of the corresponding voxels, to a maximum distinctive white value
(baseline value +2500 HU). This enabled distinctive visibility of the delineated GTV on
the newly created DICOM file. The tumour was segmented in Pro Plan as a separate 3D
object, and the volume was measured using the volume tool.
The objective was to determine whether the delineated volume in Mirada had been
altered while converting the volume, using the compatibility algorithm, to the 3D virtual
planning environment. This study validated the developed software pathway by means
of pre and post comparisons of the phantom tumour volumes on the five cadavers.
The mean variation in volume of the compared measurement points was 1.7%. Table
1 presents the compared measured volumes of each of the phantom tumour objects.

Table 1: Results of volume measurements after initial tumour delineation (Mirada) and after
conversion to a 3D virtual model (Proplan).
Tumour 1

Tumour 2

Tumour 3

Tumour 4

Tumour 5

Mirada (cm3)

33,90

33,40

33,80

33,00

33,90

Simplant (cm3)

34,40

34,40

34,16

33,20

33,00

Difference (%)

1,45

2,91

1,05

0,60

2,73

Mean

SD

1,75

0,91

The CT images were obtained using regular head and neck protocols, as described in
the method section. Regarding the MRI images, the regular head and neck sequences as
well as the 3D vibe sequence were used. The initial tumour delineation was performed
on the T1- TSE images. The same delineation was also performed on the T1-vibe traisotrophic sequence for comparison purposes, but this had no influence on the
delineation of the phantom objects.
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Application of the procedure to a (first) clinical case, ameloblastoma in the maxilla,
resulted in a comparable difference in delineated volume, 1.7%, as represented in
Figure 5. Two additional cases, with a squamous cell carcinoma invading the mandible,
are represented in figure 6. Postoperative analysis, based on a post-operative CT scan,
showed that the reconstruction was performed according to the 3D virtual planning.
Figure 7 shows an example of a 3D representation of the post-operative result, using
the first case with the ameloblastoma. The pathology report confirmed tumour freemargins of the resection, and thereby complete tumour removal based on a guided
resection.

Figure 5: A.) Tumour delineation on MRI imaging. B.) Projection of tumour area on CT images
C.) 3D model of with the delineated tumour in green. D.) The resection margins determined, in
blue. E.) Guide design for resection. F.) Reconstructive plan with fibula including dental implants,
represented by the yellow cones.
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Figure 6: A.) First example of a case with mandible related malignancy, tumour delineated in green
and oncologic margins in blue. B.) A second case example with a mandibula related malignancy.

Figure 7: A 3D representation of the post-operative resection-result (yellow) superimposed on a
3D model of the planned resection (blue).
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DISCUSSION
A reliable software pathway for pre-operative integration of oncologic resection
margins was realised by this study with a deviation of only 1.7 % in volume. The use of
five cadavers with phantom tumour objects provides a validation for the delineation of
tumours and this information, as an enhanced DICOM data set, can be used for surgical
and consequently for reconstructive plans.
The concept of using the software with regular protocols for both MRI sequences and
CT scans should not increase the workload of the imaging resources. The phantom
tumour objects were relatively easy to delineate due to the symmetrical spherical
shape but improved scanning protocols may be required to translate actual oral cancer
malignancies with irregular shapes. These protocols could include a 3D sequence in
order to gain additional detailed information on the z-axis. In this study, additional
T1-vibe tra-isotropic sequence scans were made. During the tumour delineation the
regular T1-TSE- sequence provided sufficient information, and there was no direct need
for 3D sequences in the case of these phantom tumour objects. Finding the optimal
scan protocols for head and neck oncology was not within the scope of this study,
therefore the validated approach of tumour delineation within the radiation oncology
principles was utilized.
The volumes of the phantom tumours did not correspond 100% when measured by both
software entities. Despite the careful delineation, small areas outside the delineated
volume may have been included in the high-threshold segmentations of the 3D object
volumes due to contrast deposits at the bottom of the phantom. However, this did not
interfere with the purpose of our study since the objective was to see whether defined
volumes would be altered on an MRI by the new software approach.
Due to the conversion algorithm, multiple combinations of software packages can
be used. Therefore this method does not require the purchasing of a specific software
package. Alternatives can be found in the navigation systems as well (e.g. Medtronic,
Brainlab, Scopis), these have other (dis) advantages in terms of guided implant
placement and tumour delineation. Several software packages are commercially
available which provide efficient image fusion and/or tumour delineation features (e.g.
I-plan, Brainlab or Eclipse, Varian Medical Systems ). Application of these packages are
reported for head and neck treatment planning as well (10, 16) . Multidisciplinary 3D
virtual planning, based on navigational planning was reported in combination with
postoperative radio therapeutic planning by Bittermann et al. (17), as well combining
different software packages. Compared to this study method, these examples provide
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efficient solutions for mainly the maxilla, and no validated solution for the mandibular
malignancies due to lack of fixed reference points. Secondly, the method described in
this study enables multidisciplinary 3D virtual surgical planning, including single phase
resection reconstruction and insertion of dental implants, within the existing software
architecture using essential 3D printed surgical guides. The alternative software
packages do not meet the requirements for treatment planning including accurate,
guided dental implant insertion(13) and therefore do not provide an all-in-one solution
which favours the prosthetic rehabilitation for the patient.
Combining physiological information derived from the MRI with the corresponding
anatomy from the CT images for tumour delineation in the head and neck area has been
reported (18). It was demonstrated that tumour delineation on MRI/CT scans can be
performed with acceptable precision, although the MRI margins can be overestimated
(19). In essence, our approach is not different from tumour delineation routinely
performed by radiation-oncologists (20). However, the use of such radio therapeutic
principles for pre-operative 3D surgical planning of oncologic resection margins,
reconstruction planning (including dental implants) and translation by surgical guides
has not been reported to our knowledge. Current applications of 3D virtual surgical
planning of primary resections in the maxilla or mandible including reconstructions
with insertion of dental implants are restricted to benign cases. Several authors state
that the exact determination of oncologic margins for malignant cases restricts the
application of this 3D virtual planning concept in the primary situation (21, 22). This study
demonstrated that primary 3D virtual planning of resection margins in oncologic cases
can be included in regular 3D virtual planning. The inclusion of the resection margins in
the 3D virtual plan will result in a single surgical procedure, with added benefits in terms
of predictability and accuracy and being able to place dental implants during a single
procedure. Other authors have described the placement of dental implants in free flaps
prior to radiation therapy. One might debate if this is feasible in terms of survival of the
flap. These results prompted us to design a clinical study based on the 3D planning
principle, aiming for added value for patients.

CONCLUSION
This study reports a validated software pathway, providing multi-modality image fusion
for 3D virtual surgical planning.
The all-in-one resection and reconstruction approach is applicable to malignant cases
whereby soft-tissue information derived from MRI scans is included in the 3D virtual
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planning and the region of interest is carefully examined clinically. This study provides
application of the all-in-one approach to larger target groups, including malignancies,
with a decrease of the risk for irradical bone margins.
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ABSTRACT
Objectives. Three-dimensional virtual surgical planning (VSP) and guided surgery has
been proven to be an effective tool for resection and reconstruction of the mandible.
Currently, most widely used 3D VSP approaches to mandibular resection do not include
detailed tumour information in the VSP. This manuscript presents a strategy where the
aim was to incorporate tumour visualisation into the 3D virtual plan. Three-dimensional
VSP of the mandibular resections was based on the fusion of CT and MRI data which was
subsequently applied in clinical practice.
Methods. All patients diagnosed with oral squamous cell carcinoma between 2014
and 2017 at the University Medical Centre Groningen were included. The tumour was
delineated on the MRI data, after which this dataset was fused with the CT bone data in
order to construct a 3D bone and tumour model for virtual resection planning. Guided
resections were performed and post-operative evaluation quantified the accuracy of
the resection. The histopathological findings and patient and tumour characteristics
were compared to those of a historical cohort (2009-2014) of conventional mandibular
continuity resections.
Results. Twenty-four patients were included in the cohort. The average deviation from
planned resection was found to be 2.2mm. Histopathologic analysis confirmed all
resection planes (bone) were tumour free, compared to 96.4% in the historic cohort.
Conclusion. MRI-CT base tumour visualisation and 3D resection planning is a safe and
accurate method for oncologic resection of the mandible. It is an improvement on the
current methods reported for 3D resection planning based solely on CT data.
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INTRODUCTION
Surgical removal of squamous cell carcinomas in the oral cavity close to mandibular
bone, often necessitates a resection of the mandible. A microscopic free margin of at
least 5mm on both sides of the resection is required according to clinical guidelines (1).
The oncologic-surgical challenge is to perform an adequate resection with sufficient
margin, based on the pre-operative information.
A widely used strategy for resection of mandibular malignancies includes the use of
3D VSP and guided surgery techniques based on computed tomography (CT) data.
Both intra-operative navigation and 3D printed surgical guides have been proven to
provide precise translation of the 3D VSP to the surgical procedure (2-5). Once a 3D VSP
is prepared, especially when 3D printed guides (6) are applied, it assures very accurate
translation of that plan to the actual procedure. However, despite accurate translation
of the VSP, it is not always clear where to plan the resection margins on the mandible
necessitating intraoperative exploration leading to uncertainty for both the surgeon
and patients or unnecessary wide resections.
The planning for adequate tumour removal should include detailed bone information
as well as other tumour characteristics such as localisation, size, shape and extension
(7). It is best to extract this information from multi-modality imaging: CT and magnetic
resonance imaging (MRI) together because the individual information is not enough
(8). It is reported that already a fusion 2D information of both modalities combines the
sensitivities of CT and MRI, thereby proving the surgeon more accurate information
regarding the tumour in relation to the surrounding structures (7, 9-12). However, a
clear multi-modality 3D virtual model created from the combined information from
CT (bone) and MRI (tumour) scans reduces the subjective integration aspect seen in
2D data interpretation (8). Moreover this multi-modality CT and MRI model enables
both virtual resection as well as reconstructive VSP. Three-dimensional surgical cutting
guides can be designed and fabricated and then translate the VSP accurately to the
surgical procedure.
Until recently, most 3D VSP applications were based on CT data only (4, 6). CTs are
known to provide accurate 3D bone models, which enables accurate resection planning
in terms of guide placement or intra-operative landmarks for navigation. However such
planning requires additional information for optimal determination of the tumour
margins. Clinical observations and MRI derived tumour information were only combined
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with the virtual plan through the surgeon’s indirect interpretation. The combination of
information with regard to localisation, extent, size and shape, as provided by CTs and
MRIs is crucial for adequate resection planning (7, 12, 13).
A fusion of CT and MRI images enables direct interpretation and visualisation of tumour
margins. A 3D virtual model of both the mandible and tumour is thereby available for
careful inspection and detailed resection margin planning.
A fusion of these modalities is already being performed routinely within e.g. the field of
radiation oncology (14), as well as for several surgical applications in the field of orbital,
pelvic and skull base region tumour surgery (7, 15, 16). In order to include the multimodality image fusion in the workflow for 3D VSP of resection margins, a pathway was
developed by Kraeima et al. (2015). (13). Comparable methods are available for data
fusion and integration in the 3D VSP environment (17, 18).
Current routine 3D VSP and resection using 3D printed guides usually only includes CT
visualisation, which can lead to inaccurate margin planning due to a lack of 3D tumour
information.
This prospective cohort study aims to not only provide a method for detailed resection
margin planning, based on a hybrid model using combined CT and MRI visualisation of
the tumour and surrounding structures, but also for safety, in terms of tumour free bone
margins and accuracy of the developed pathway which can be evaluated in a clinical
setting. The patient and tumour characteristics are compared with an historical cohort
from the 2009-2014 period with CT based planning only.

MATERIALS AND METHODS
A cohort of patients, referred to the department of oral and maxillofacial surgery at the
UMCG between 2014 and 2017, each with an oral squamous cell carcinoma that require
treatment by means of a continuity resection of the mandible was included in this
study. Only patients who completed the diagnostic CT and MRI workup were included
in this study’s 3D analysis. Patients were excluded if they were unable to undergo an MRI
or if their data was not suitable for radiologic diagnostics, due to artefacts (movement,
scattering) or other patient related factors (e.g. claustrophobia, logistics (unable to lie
still).
Before starting this study protocol, approval was received from the Medical Ethical
Board, file number: M14.160224
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Data acquisition
Each patient underwent diagnostic work-up consisting of both a CT and MRI of the head
& neck region according to the clinical protocol. Different types of CT scanners were
used for these clinically indicated CT scans (SOMATOM Force, SOMATOM Definition
Flash, SOMATOM Definition Dual Source, SOMATOM Sensation 64, SOMATOM Definition
AS, Siemens Healthineers, Erlangen, Germany). The CT scan protocol was comparable
for all patients consisting of thin reconstructed slices (≤ 1mm) of soft tissue and bone
algorithm series after intravenous administration of an iodinated contrast agent
(Iomeron 350, Bracco Imaging, Italy).
MRI scans were performed by either a 1.5T scanner (MAGNETOM Aera, Siemens
Healthineers, Erlangen, Germany) or a 3T scanner (MAGNETOM Prisma, MAGNETOM
Skyra, Siemens Healthineers, Erlangen, Germany ). The routine protocol consisted of
T1 and T2 weighted sequences, T2 fat suppressed sequences, and T1 fat suppressed
sequences after intravenous administration of a gadolinium-based contrast agent
(Dotarem, Guerbet, France). The 3T routine protocol also included diffusion weighted
sequences. No additional sequences where obtained for the 3D virtual planning
workflow.

Three-dimensional VSP
The pathway, represented in Figure 1, for 3D VSP utilizes the hospital’s existing software
architecture. The Mirada® (Mirada Medical, Oxford Centre for Innovation, United
Kingdom), software package was used for the radiotherapy (RT) planning. CT and MRI
data fusion and gross tumour volume (GTV) delineation was performed by a technical
physician (J.K.). The radiologist (B.D.) then carefully checked, adjusted and approved
the GTV using both CT and MRI data. The involved radiologist had, at the time of GTV
approval, already assessed the CT and MRI data, and completed the clinical report.
The fusion of the CT and MRI data enabled projection of the delineated GTV onto the
CT as well. Next, the CT data and a radio therapeutic structure set (RTSS), which is a
standard file type produced for RT planning, containing the delineation data, were
exported. The data was converted using a validated tool (13), into the 3D VSP by the
Pro Plan CMF 2.1 software (Materialise, Leuven, Belgium). The multi-modality 3D model
was obtained from the dataset from both the MRI (tumour) from the CT (mandible),
for virtual resection planning (Figure 1). A resection was planned and authorised, in
accordance with oncologic guidelines, by a multi-disciplinary oncology body. Surgical
cutting guides were designed and fabricated (Materialise, Leuven, Belgium) for every
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case. Intra operative guide placement was performed by the surgeon who was involved
in the planning process, whereby supportive visual documentation of the planned
guide position was always present in the operating room.

Figure 1: Schematic overview of the CT and MRI-based 3D VSP workflow

Historical cohort of bone resection margins
The number of free/non-free bone resections, i.e., segmental mandibular resections,
was determined through comparative analysis of historical data of a local cohort.
Patients who were registered between 2009 and 2014 in a database for mandibular
resection were selected. Only mandibular continuity resections were included; marginal
resections were excluded. The pathologist’s report was used to assess whether the
resection planes of the bone where tumour free. In our centre, histopathology reports
use a standardised list of histopathological features including the status of the bone
margins.

Outcome measures:
The primary outcome of this study is the number of histopathologically confirmed free
bone margins, compared to a retrospective cohort of non-guided resections. A tumourpositive bone margin is considered a failure. Another noted failure is when the surgeon
decides not to use the 3D printed guide because e.g., the resection plane would be too
close to the tumour.
A secondary outcome measure for the multi-modality 3D planned series is the resection
accuracy in millimetres. Post-operative evaluation of resection accuracy was performed
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by comparing the routine post-operative CT data to the 3D VSP. This CT data was
obtained before any adjuvant (radiation) therapy was started, usually within two weeks
after surgery depending on the patients recovery. Regarding accuracy assessment of the
resection planes, and thereby the planned resection margins, the executed resection
planes were identified on the post-operative CT data. Also the mandible segments, that
remained after the performed resection, were identified and converted to 3D models.
The data from the 3D VSP and post-operative models were compared in 3D, after the
corresponding models were aligned using the iterative closest point principle (19) in
Geomagic Studio (3D Systems, rock Hill USA). As the surgical guides physically support
the saw mainly on the buccal side of the mandible, both buccal and lingual deviations
had to be identified, providing a complete quantification of resection accuracy.
A deviation from the planning was defined as the difference between landmarks, in
millimetres. The landmarks from the standardised view of both the buccal and lingual
side of the mandible fragments, as well as the centre points of the resection planes were
defined and included in the analysis; see Figure 2.

Figure 2: landmarks for comparison of planning and post-operative results
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Two independent observers identified the osteotomy planes and the landmarks, in
order to maintain the inter-observer reliability.

Statistics
Data analysis was performed using IBM SPSS statistics version 23 (IBM corp., Armonk, NY,
USA). Both the mean and standard deviation were calculated for the difference between
planned and performed resection, based on the selected landmarks. Differences
between both groups were defined as the Euclidean distance between landmarks.
The inter-observer variability was supported by the intra class coefficient (ICC)
calculation. A value of <0.40 is reported as poor, 0.4-0.59 fair, 0.60-0.74 good and 0.751.00 as excellent (20).

RESULTS
Primary outcome
A total of 34 patients were referred for oral SCC treatment, involving mandibular
resection. Of these patients, 24 patients fulfilled the inclusion criteria (N=24). Ten
patients were excluded due to insufficient MRI data (N=7) or logistic issues (N=3), such
as insufficient time to obtain 3D printed guides.
The comparison of the study cohort with historical data is presented in Table 1. Note
that both groups show a comparable distribution of patient and tumour characteristics
in terms of pTNM-stage, bone invasion and received post-operative radiation therapy
(PORT). The number of non-free, histo-pathologic confirmed bone margins was zero
(0/24) in the study cohort, in comparison to 2/55 in the historical cohort.

Secondary outcome
Post-operative analysis of the accuracy of the resection was performed on all 24 3D
cases which, however only included 47/48 of the resection planes. This was due to the
failure of 1 guide, which the surgeon had chosen not to use.
The analysis of the resection planes, after surface-based alignment of the planned- and
post-operative models, resulted in an average, absolute, deviation of 2.2mm (SD 2.04).
23 of the 47 cutting planes were found to be closer to the tumour than planned. Table 2
presents the deviation between planning and post-operative result per case, where the
deviation between the buccal and lingual side as well as the cranial and caudal areas
of the mandible are differentiated. Table 2 presents the time available for 3D VSP and
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Table 1. Patient and tumour characteristics of historic cohort (2009-2014) and 3D cohort (20142017)

Gender (%)

Conventional (n = 55)

3D Cohort (n = 24)

Male

36 (65.5)

15 (62.5)

Female

19 (34.5)

9 (37.5)

69.7 (10.8)

68.7 (8.9)

Age (years)

Mean (SD)

pT (%)

T1

2 (3.6)

-

T2

5 (9.1)

3 (12.5)

T3

6 (10.9)

-

T4

42 (76.4)

21 (87.5)

N0

33 (60)

13 (54.2)

N1

10 (18.2)

4 (16.7)

N2a

-

1 (4.2)

N2b

9 (16.4)

4 (16.7)

N2c

3 (5.5)

2 (8.3)

M0

52 (94.5)

24 (100)

M1

3 (5.5)

-

Positive

40 (72,7)

20 (83.3)

Negative

15 (27,3)

4 (16.7)

Positive

2 (3.6)

-

Negative

53 (96.4)

24 (100)

Clear (>5mm)

13 (23.6)

1 (4.2)

Close (1-5)

24 (43.6)

17 (70.8)

Involved (<1mm)

18 (32.7)

6 (25)

No

14 (25,5)

6 (25)

yes

41 (74,5)

18 (75)

pN (%)

pM (%)

Bone invasion (%)

BM (%)

STM (%)

PORT (%)

Used abbreviations: p=pathologic; BM= bone margin; STM= soft tissue margin; PORT= post operative radiotherapy
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Bone invasion
on CT

Bone invasion
on MRI

Guide succes

Deviation
buccal (mm)

Deviation
lingual (mm)

Tumour
volume (cm3)

Post- operative
RT or CRT

Bone RM
margin free

34

26

Y

Y

Y

0,7

0,7

9,2

CRT

Y

1050 Died of disease

2

41

37

Y

Y

Y

2,1

1,8

6,7

RT

Y

1064 Alive no disease

3

28

23

N

Y

Y

1,1

1,7

6,9

CRT

Y

1015 Second primary

4

43

39

N

Y

Y

3,1

2,9

7,9

RT

Y

992

Alive no disease

5

34

19

Y

Y

Y

3,8

2

26,7

CRT

Y

973

Alive no disease

6

30

26

N

N

Y

3,4

2,4

9,5

RT

Y

945

Died of disease

7

44

84*

Y

Y

Y

0,8

0,9

7,9

-

Y

777

Alive no disease

8

27

23

Y

Y

Y

2,7

2,5

4,8

RT

Y

707

Alive no disease

9

34

30

Y

Y

Y

2,2

2,3

15,4

RT

Y

700

Alive no disease

10

48

43

Y

Y

Y

1,6

2,7

7,0

RT

Y

630

Alive no disease

11

43

32

Y

Y

Y

2,7

3,6

29,0

CRT

Y

621

Alive no disease

12

35

30

N

Y

N

1,7

1

2,5

CRT

Y

532

Died of distant
metastasis

13

40

46

Y

Y

Y

2,5

2,2

10,6

RT

Y

498

Alive no disease

14

22

19

Y

Y

Y

5,4

4,1

4,2

RT

Y

509

Alive no disease

15

34

27

Y

Y

Y

2,6

2,5

11,4

-

Y

455

Alive no disease

16

27

16

Y

Y

Y

2,1

2

3,9

-

Y

441

Alive no disease

17

27

15

Y

Y

Y

1

1,1

7,7

RT

Y

427

Alive no disease

18

28

26

Y

Y

Y

3,1

3,2

7,1

-

Y

399

Alive no disease

19

34

36

Y

Y

Y

1,8

2,4

11,5

RT

Y

364

Alive no disease

20

41

34

Y

Y

Y

2

1,9

9,7

CRT

Y

315

Alive no disease

21

48

29

Y

Y

Y

2,6

3,3

14,0

-

Y

413

Alive no disease

22

27

19

Y

Y

Y

2

1,9

12,2

CRT

Y

406

Alive no disease

23

27

19

N

N

Y

0,5

0,7

6,5

-

Y

189

Alive no disease

24

47

33

Y

Y

Y

0,7

0,9

6,1

-

Y

168

Alive no disease

Average

35

28

2,2

2,1

9,9

608

SD

8

8

2,1

2

6,2

271

Follow-up
(days)

MRI - time to
surgery (days)

1

Patient ID

Time to
surgery (days)

Table 2. Diagnostic and treatment outcomes of 3D virtual planned patients

Current status

*For this case an older MRI-scan, made for a diagnostic procedure was used.
Abbreviations used: RT= radiotherapy; CRT= chemoradiotherapy; RM= resection margin (pathological confirmation);
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manufacturing of the guides, as presented in the 3rd column: time between the date of
the MRI and the surgical intervention. The diagnostic findings with regard to suspected
bone invasion are presented in column 4 and 5. Pathological finding with regards to
bone margins are presented in column 11.

Inter observer variation
The post-operative osteotomy planes where identified on the post-operative CT data by
two independent observers (RS and JK). The mean deviation between the centre-points
of the osteotomy planes was found to be 1.3mm in both the antero-posterior and
latero-medial direction. The corresponding ICC was found to be 0.99, with no significant
differences between the observers.
As presented in Table 2, most of the patients had received postoperative radiotherapy
(17/24) and 21 of the 24 patients were, at the time of writing, still alive without disease,
with an average follow-up of 608 days. The volume of the delineated tumour was
calculated, as this is associated with overall survival (21). The average volume was 9.9
cm3, as presented in column 9 of Table 2.

DISCUSSION
This study shows that integrating 3D tumour volume into 3D VSP of mandibular
resections is a safe method. The bone resections were accurate as no non-free bone
margins were found in this group. Post-operative evaluation of the accuracy presented
an average deviation of 2.2 mm. This did not compromise the bone margins.
The use of a multi-modality CT and MRI model was found to be very helpful in planning,
together with, the available information with regard to tumour size, extent, location
and relation to bone and other structures, an adequate resection margin (7). The
method described in this study enables data fusion using the already available software
architecture of the hospital. It is an easily accessible method that can be applied in other
clinics as well, especially as no additional software packages need to be purchased. Our
workflow utilized of the radiation oncology department’s software (Mirada®) combined
with the virtual planning software (Proplan® CMF), only requiring the transfer of
standardised data formats. These formats are DICOM, RTSS and STL-files.
Expansion of the multi-modality model is unelaborate, e.g., PET data can be included as
a third modality. The Loeffelbein et al. (2014) study reported the beneficial use of PETMRI fusion in head and neck malignancies (22). The use of PET is not an integral part of
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the standard in surgical planning protocol of tumour removal in the UMCG, however it
was added to the multi-modality model in one case (presented in Figure 3), in which the
MRI information about the tumour margin was inconclusive. As PET was not part of the
study workflow, this case was not included in the study cohort and was not included in
the data analysis.

Figure 3: Overview of an example case with PET-MRI-CT data fusion (first column) and the
delineation of the tumour, followed by resection- and reconstruction planning (second column)

The fusion of the CT and MRI data, as well as the tumour delineation and 3D resection
planning can be performed by a technical physician. This provides an objective measure
for tumour margin resection planning, because the 3D volume can be quantified from
the CT and MRI data. This is followed by resection planning according to standardised
margins agreements, as a solution to earlier reported difficulties of pre-operative
virtual margin planning (23). Technical physicians are new healthcare professionals;
they combine both medical and technical expertise in order to improve treatment with
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medical technology. The authors believe that by integrating this professional into the
workflow, the process becomes more efficient and no external commercial partners are
required for 3D VSP.
In this study, 3D printed cutting guides were chosen for precise translation of the 3D VSP
to the surgical procedure. Reported alternatives, for example intraoperative navigation
(24) are also appropriate. The aim is to resect the tumour precise based on both CT and
MRI data, whereby the translation medium is not restricted to 3D printed guides only.
However regarding mandibular resections, the use of intraoperative navigation is not
preferred, as the mandible is a mobile structure. Therefore the required reference-array
with reflective markers, as part of the navigation set-up, cannot be applied accurately.
It would be an alternative to 3D printed guides in case of a tumour resection in relation
to the maxilla.
The the post-operative results in this study are found to be comparable to other reports
of resection accuracy, in terms of the actual deviation from the planned resection (6,
25). Note that the aim of this comparison is to describe the accuracy of the translation
instrument, the 3D printed guide, and the performed osteotomy, not the planning of
the resection margins itself based on CT-only or CT and MRI.
Both the 3D and historic groups demonstrated that histopathologically confirmed
involved soft tissue margins (<1mm margin to tumour) were found in 25% and 32.7%
of the cases respectively, mainly representing the deep margins, see also Table 1.
Comparable percentages were reported by Smits et al. describing 2 large cohorts in
other Dutch academic medical centres as well as a report by Tarsitano et al. (2017) (26,
27). In our cohort 2/24 patients, at the time of writing, have died from a local recurrence
of the tumour, one from distant metastasis and one from a second primary tumour.
These results seem to be in concordance with other reported survival data (26).
In this study, the average time between the date of the MRI scan and the surgical
procedure was 28 days. Guidelines from the Dutch society for head and neck oncology
(1) prescribe a maximum of 30 days between diagnosis and treatment of the malignancy.
As all the included cases were highly complex, some delay can be expected. This study
demonstrates that all the resection cases not treated within 30 days, but up to 46 days
after diagnosis, also resulted in tumour free bone margins.
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The fusion of image data, obtained from different modalities, introduces an inaccuracy.
This was reported by several studies (7, 16, 28-30), with an average error of 1-2mm but
manual registration, or optimisation after automatic co-registration, result in more
accurate multi-modality models.
To obviate the inaccuracy, introduced by multi-modality data fusion, a 3D resection
planning based solely on MRI could be a next step. The role of CT in this workflow is
mainly to enable accurate 3D bone modelling within the hybrid model; this could
be explored for MRI segmentation as well. The UMCG is already working with boneoptimised MRI sequences, for 3D segmentation of the mandible. If the fusion of CT and
MRI is superfluous, the resection workflow is optimised further.
By means of this study, patients diagnosed with head and neck cancer, for whom a
segmental mandibular resection is required, can receive an accurate resection without
additional diagnostic load. The easily accessible workflow that was developed and
implemented for this study can be adjusted to the local situation in other hospitals.
Several software packages are available for data fusion, tumour delineation and 3D
resection planning. The message is that: a combination of available diagnostic and 3D
VSP modalities should be applied to optimise decision making for oncologic resection
planning whereby the tumour can be safely resected on the application of guided
surgery.

CONCLUSION
A series of 24 patients was treated using the multi-modality CT and MRI combined
workflow for 3D resection margin planning. This resulted in zero non-free bone margins
and accurate resection of the tumours (2.2mm). This study provides an integrated
workflow for resection planning that substantively uses the available routine diagnostic
work-up. Ultimately, this is a safe and accurate method for 3D VSP of mandibular
resections and can be incorporated in oncologic guidelines.
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ABSTRACT
Background: MRI is the optimal method for sensitive detection of tumour tissue and
pre-operative staging in oral cancer. When jawbone resections are necessary, the current
standard of care for oral tumour surgery in our hospital is 3D virtual planning from CT
data. 3D printed jawbone cutting guides are designed from the CT data. The tumour
margins are difficult to visualise on CT, whereas they are clearly visible on MRI scans. The
aim of this study was to change the conventional CT-based workflow by developing a
method for 3D MRI-based lower jaw models. The MRI-based visualisation of the tumour
aids in planning bone resection margins.
Materials and findings: A workflow for MRI-based 3D surgical planning with bone
cutting guides was developed using a four-step approach. Key MRI parameters were
defined (phase 1), followed by an application of selected Black Bone MRI sequences on
healthy volunteers (phase 2). Three Black Bone MRI sequences were chosen for phase 3:
standard, fat saturated, and an out of phase sequence. These protocols were validated by
applying them on patients (n=10) and comparison to corresponding CT data. The mean
deviation values between the MRI- and the CT-based models were 0.63, 0.59 and 0.80
mm for the three evaluated Black Bone MRI sequences. Phase 4 entailed examination of
the clinical value during surgery, using excellently fitting printed bone cutting guides
designed from MRI-based lower jaw models, in two patients with oral cancer. The mean
deviation of the resection planes was 2.3 mm, 3.8 mm for the fibula segments, and the
mean axis deviation was the fibula segments of 1.9°.
Conclusion: This study offers a method for 3D virtual resection planning and surgery
using cutting guides based solely on MRI imaging. Therefore, no additional CT data are
required for 3D virtual planning in oral cancer surgery.
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INTRODUCTION
Patients suffering from a malignant or benign oral tumour involving the lower jaw, are
often treated with a partial lower jaw resection followed by a reconstruction of the
bone defect using autologous tissue transfer. Bone is often harvested from the fibula
(lower leg) and transplanted to the lower jaw defect. This so called fibula free flap
reconstruction is a standard procedure in reconstruction of jaw bone defects. In the
UMCG, the current standard of care in head and neck oncology is three-dimensional
(3D) virtual planning of resection and reconstruction followed by surgery with the use of
3D printed bone cutting guides (1,2). The factor of success in this current workflow is the
integration of tumour margins derived from MRI data into the surgery plan through 3D
models derived from computed tomography (CT) data. Magnetic resonance imaging
(MRI) data delineate tumour margins better than CT (3). Both CT and MRI are used for
reliable diagnosis and surgical planning (1). The workflow necessitates MRI and CT data
fusion, since actual fusion of CT and MRI data is more accurate than visual (on screen)
comparison of the two modalities. Eventually, this approach results in the inclusion of
tumour margins in the pre-surgical plan. The tumour is directly visualised in the CTbased 3D model, which provides the possibility of placing the bone cutting planes and
the position and design of the cutting guides based on the tumour margin.
The multimodality data fusion has an accuracy error of 1-2 mm (4–11). This introduces
additional inaccuracies in resection margin planning, which could lead to incomplete
removal of tumorous tissue. Furthermore, lower jaw resections that are executed with
3D printed surgical guides also show an average deviation of 2 mm from the original
plan (2). A planning workflow based on a single modality would make the CT-MRI data
fusion step superfluous thereby eliminating the corresponding accuracy error from the
surgical plan. MRI is the most promising for a single-image-modality planning workflow,
since both tumour and bone information can be retrieved from MRI data. Several studies
report accurate 3D bone models from other anatomic areas derived from MRI data (12–
24). To come to a single modality MRI planning, it is necessary to derive 3D bone models
from MRI images that are as accurate as bone models from CT.
The aim of this study is to offer an alternative for the current CT-MRI-based workflow
for lower jaw resection and reconstructive surgery planning in oral cancer surgery. A
method is developed to obtain 3D MRI-based lower jaw 3D models for tumour resection
via a single modality planning workflow.
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MATERIALS AND METHODS
The study design was approved by the local medical ethics committee (Medisch
Ethische Toetsingscommissie van het Universitair Medisch Centrum Groningen (METc
UMCG)) under number M16.198347.
A four phase approach was established to obtain 3D MRI-based lower jaw models:
a) general exploratory phase to define essential MRI related parameters for bone
segmentation, b) test series of the most relevant MRI settings, c) validation series of the
selected MRI parameters, and d) MRI-based virtual planning for tumour-surgery of an
oral squamous cell carcinoma (Fig 1).

Fig 1. Schematic outline of the workflow of this study. The four phases are: general exploratory
phase, test series, validation series, and MRI-based surgery. The rhombic boxes show decision
making moments in the workflow.

General exploratory phase
A literature search was performed to find the key MRI parameters for bone segmentation.
Web of Science was accessed to search the following terms: “bone segmentation MRI”,
“3D bone model MRI”, and “mandible bone segmentation MRI”. The key MRI parameters
were selected after an interdisciplinary consultation between a technical physician,
a radiologist and an MRI technician (A.H., B.D. & J.H.P). The key MRI parameters were
included in the retrospective analysis of the MRI case data.
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MRI data of the head and neck regions, scanned with the selected MRI parameters, were
collected retrospectively (n=13). The lower jaw was segmented from the MRI data using
Mimics Medical 18.0 (Materialise, Leuven, Belgium). The segmentation quality of eight
different MRI sequences were compared: T1 3D VIBE, 3D MPRAGE, T1 TSE, T2 3D FLAIR
+ FATSAT, T1 starVIBE + Gadolinium contrast medium, T2 blade, T1 3D Dixon VIBE, and
Black Bone VIBE (with and without Gadolinium contrast medium (Dotarem®, Guerbet). A
3 Tesla MRI-scanner (MAGNETOM Prisma, Siemens, Erlangen, Germany) was used with a
64-channel head and neck coil. The quality of the 3D lower jaw models generated from
the MRI data was evaluated by focusing on the following aspects: contrast between
lower jaw and surrounding tissue, (3D) scanning protocol, time of segmentation, and
quality of 3D lower jaw models (compared to CT-based 3D lower jaw models when
available). The literature study and the quality of the obtained 3D models of the lower
jaw, defined the requirements for MRI sequences, scan resolution and slice thickness
as well as suitable segmentation methods for 3D planning. One was selected from the
eight MRI sequences for further optimisation and validation.

Test series
To optimise the selected MRI sequence, test series were performed on three healthy
volunteers (2 male, 1 female, mean age: 29 years). The Black Bone sequence, as
described by Eley et al. (25), acted as a starting point. In the optimisation process, the flip
angle was modified, followed by the addition of fat saturation (quick FATSAT), scanning
with/without interpolation, addition of GeneRalized Autocalibrating Partial Parallel
Acquisition (GRAPPA), and out of phase scanning. The flip angles varied between 2˚ and
7°. Not all sequences were performed on all volunteers, because interim analysis gave
us insights to test other scan parameters. A short explanation of the MRI terms is given
in Table 1.
All the series were performed with a 3T MRI-scanner (MAGNETOM Prisma, Siemens,
Erlangen, Germany) using a 64-channel head and neck coil. The field of view (FOV) was
set onto the entire affected lower jaw area, but not more. Additional fixation of the head
was accomplished with foam pillows or towels. The volunteers were positioned supine
and head first, conforming to conventional protocol. The standard sequence was a Black
Bone VIBE sequence with interpolation. Voxel size was 0.7 mm for all series. Table S1
shows the sequence parameters utilised in this study’s test phase.
The Black Bone MRI scans were evaluated by segmenting the lower jaw and the 3D
model was assessed using Mimics Medical 18.0. The following smoothing settings were
applied: smoothing factor 0.8, iterations 5, and compensate for shrinking.
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Table 1. Short explanation of four important MRI parameters
Term

Description

Result on image

Flip angle
(α)

The angle at which the longitudinal
magnetisation flips in the xy-plane at
excitation.

A very small flip angle (α<10°) will result in a
more homogeneous image with less contrast
between soft tissues.

Quick
FATSAT

Immediately after the protons bound to fat
are excited, a spoiler gradient destroys the
fat signal.

The water bound protons are visualised
bright, the fat bound protons are black.

GRAPPA

Faster acquisition is possible by using a
limited number of phase encoding steps.

Impaired image quality due to more noise
(worse signal-to-noise-ratio).

Out of
phase

Opposed phase imaging makes use of the
difference in resonance frequencies of water
and fat.

Opposed phase images show sharply
black lines around organs with a fat-water
interface.

The quality of the 3D models was utilised to select the optimal Black Bone sequence.
Each 3D model was scored by one observer (A.H.) using a quality scale-based scoring
system. Anatomical ROIs for 3D cutting guide designs were defined based on a
retrospective evaluation of seventeen lower jaw cutting guide designs that had been
used previously in oral cancer surgery where a part of the lower jaw was removed. This
led to the definition of three ROIs for quality evaluation. For each ROI, a scoring (++, +,
-, --) was assigned to the number of virtual holes (mental region, left and right lower
jaw angles) and the number of parts edited (manual editing). The three best scoring
sequences were chosen for use in the validation series.

Validation series
Three selected MRI Black Bone sequences were validated using patient data. The goal
of the validation phase was to select the most promising Black Bone sequence settings
for 3D modelling of the lower jaw via surface comparison of CT- and MRI-based models.
Ten patients (mean age: 67.8 (min-max 50-81), 5 male) with oral cancer and undergoing
MRI and CT imaging of the tumour as part of the diagnostic work up were selected
prospectively. The three Black Bone sequences were added to the conventional MRI
protocol, which increased scanning time by nine minutes. All series were performed
with a 3T MRI-scanner (MAGNETOM Prisma, Siemens, Erlangen, Germany) using a
64-channel head and neck coil. The patients were positioned supine and head first.
Table 2 shows the three Black Bone sequences with their parameters. The flip angle was
2° and the voxel size was 0.7 mm in all sequences.
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Table 2. Sequences and characteristics of the validation series.
No.

Series description

BW

TR

TE

TA

1

Black Bone with quick FATSAT + GRAPPA

210

6.2

2.53

2:38

2

Black Bone out of phase + GRAPPA

530

3.78

1.54

1:34

3

Black Bone standard

210

6.2

2.53

4:42

The sequences are all variations of the Black Bone sequence. BW = pixel bandwidth (Hz/pixel), TR = repetition time (ms), TE =
echo time (ms), TA = acquisition time (min)

The test series method was utilised for the segmentation of the lower jaw. CT data was
segmented using a predefined bone threshold (HU value range: 1500-4095) in Mimics
Medical 18.0. 3D models were calculated with the same settings as used for the MRI
calculations. The CT- and MRI-based 3D models were exported as binary STL files.
The quality of the 3D MRI-based models was scored according to the method used
in the test series. Moreover, a quantitative surface comparison of the 3D MRI- and CTbased models was done. First, an iterative closest point (ICP) algorithm in Geomagic
Studio 2012.0.0 (Geomagic GmbH) was applied to gain a surface match. Then, two
planes were defined in both the aligned MRI- and CT-based models which were going
to be used to remove parts of the lower jaw, using 3-Matic Medical 10.0 (Materialise,
Leuven, Belgium), whilst maintaining the anatomical ROIs. The analysis was completed
by a part to part comparison. Mean deviation and distance maps were calculated to
show the difference between the CT and MRI-based models.

MRI-based 3D planned surgery
Guided tumour resection with 3D printed cutting guides designed on MRI-based virtual
lower jaw models, was performed on two patient cases from the validation series. The
two patients (age: 67, 81, both female) suffered from oral cancer and the individual
surgical plans included removal of a part of the lower jaw.
The two cases were both diagnosed with oral cavity T4 squamous cell carcinoma,
requiring resection of the lower jaw followed by (segmented) fibula reconstruction of
the defect as described by the Dutch Guidelines for oral cancer treatment. The diagnostic
and tumour surgery workups were not altered from the conventional workflow. The
protocol includes both T1 and T2 images and the use of Gadolinium contrast agent.
Mirada software (Mirada Medical, Oxford Centre for Innovation, United Kingdom) is
utilized to manually delineate gross tumour volume (GTV) on the MRI data. The tumour
delineation is performed by the involved technical physician and validated by the
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radiologist and maxillofacial surgeon. This protocol was followed by the preoperative
3D virtual planning procedure (1). All three sequences were evaluated for both patients,
the best sequence per case was chosen to perform the surgical planning on. MRI data
were used for the 3D bone modelling and resection planning using ProPlan CMF 1.3
(Materialise, Leuven, Belgium).
To evaluate the accuracy of the MRI-based models and the suitability for an MRI-based
patient specific reconstruction plate (PSP), PSP test designs were made using 3-Matic
Medical 10.0. The MRI-based plates were evaluated in 3-Matic Medical 10.0 by fitting
the plates virtually onto the CT-based lower jaw model. Additionally, the MRI and CTbased 3D models and the test plates were 3D printed and evaluated by experienced
maxillofacial surgeons. The PSP (one case) and accessory resection guides (both cases)
to be used in surgery were designed based on MRI data and produced by KLS Martin.
At the UMCG, not every patient is treated with a PSP, it depends on the location and
type of reconstructive surgery. A one segment fibula in an edentulous patient generally
does not require a PSP. A 3D PSP print with locking screw holes was made for the first
case. The surgical outcome was evaluated during surgery by fitting the guides and the
PSP to the jaw. To evaluate the surgical accuracy, the 3D model of the post-operative
cone beam CT (CBCT) scan and the MRI-based surgical plan were aligned virtually using
Geomagic studio 12.0.0. Moreover, the orientation of the fibula segments (planned vs.
post-operative) were assessed. Midpoints and direction vectors of the segments and
planes were compared using the method described by Schepers et al. 2015 (2).
A written consent form was obtained and included in the submission of this manuscript,
with regard to any patient data used in this manuscript.

RESULTS
General exploratory phase
The literature search yielded 24 papers describing MRI bone segmentation (Table S2).
These studies all used 1.5T or 3T MRI devices (Siemens, Philips, or GE). Commonly used
sequences were 3D T2-weighted gradient echo, T1-weighted FLASH, VIBE, spoiled
gradient echo sequences and MPRAGE. Some studies used additional water-fat
separation, water selective excitation or fat suppression techniques. Pixel sizes ranged
from 0.10.1 – 1.31.3 mm2 with slice thicknesses in the range of 0.5 – 5.0 mm. Isotropic
voxel sizes were reported in a few studies.
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A list of requirements, based on the literature search and segmentation of several MRI
sequences, is described in Table S3. The 3D Black Bone VIBE sequence was selected as
a starting point for further optimisation. A detailed description of the segmentation
examples and the list of requirements are given in the supporting files (Table S4, Figures
S5-S10).

Test series
Table 3 shows the quality assessment of the lower jaw bone segmentations from the
three volunteers. Inter-subject differences were found between the 3D models of the
same sequences.
Despite the reported intra-subject inconsistencies, the quality of the segmentations
was generally similar. The Black Bone sequences without the use of quick FATSAT or
out of phase imaging showed poor segmentation quality in the mental region (Fig 2).
The images showed interruptions of the black boundary in that area. The sequences
with quick FATSAT settings generally needed more manual editing to remove additional
attachments, whereas the out of phase sequences needed the least manual editing. The
trade-off here is that the segmentation quality of the lower jaw angles is impaired (Fig 3).
The influence of GRAPPA and GRAPPA3 was not visible in the segmentation quality.
Quick FATSAT, out of phase, and standard Black Bone imaging were selected for the
validation series in a larger (patient) group.

Validation series
Most scans required manual editing resulting in a segmentation process of about 3060 minutes. In contrast to the results of the test series, the standard scan (Black Bone
sequence without quick FATSAT or out of phase scanning) of most of the cases in the
validation series required the least manual editing (Table 4). The series performed with
GRAPPA showed an increased amount of noise compared to the images obtained
without GRAPPA. These series also showed increased soft tissue contrast (Fig 4).
The average error of the alignment measurements of CT- and MRI-based models
indicates the average deviation of all points of comparison. This indicates the accuracy
of alignment. The models are aligned within an average accuracy of 0.7 mm.
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2

3

4

5

6

7

FA 3

FA 5 out of phase

FA 5 with quick FATSAT

FA 5

FA 5 without interpolation

FA 7

Manual
editing

FA 2

Right lower
jaw angle

1

Left lower
jaw angle

Series description

Mental
region

No.

Volunteer

Table 3. Segmentation quality scoring of each 3D lower jaw model derived from the test series.

1

--

+

+

+

2

+

+

+

+

3

--

-

++

+

1

--

+

++

+

2

+

+

+

+

1

+

+

+

+

2

+

+

+

++

3

+

--

-

+

1

+

+

+

-

2

+

+

+

+

3

--

+

+

-

1

--

+

++

-

2

-

+

+

+

3

-

+

++

+

1

--

+

+

+

2

-

+

+

++

1

-

+

++

+

2

--

+

+

++

8

FA 5 without interpolation + GRAPPA

2

+

+

+

++

9

FA 2 out of phase + GRAPPA

3

+

--

-

+

10

FA 2 out of phase + GRAPPA3

3

+

--

-

+

11

FA 2 out of phase

3

+

--

-

++

12

FA 2 with quick FATSAT

3

--

+

+

-

13

FA 2 with quick FATSAT + GRAPPA

3

--

+

+

-

14

FA 2 with quick FATSAT +GRAPPA3

3

--

+

+

-

15

FA 2 + GRAPPA 3

3

-

+

++

+

16

FA 5 out of phase + GRAPPA

3

+

--

-

+

17

FA 5 with quick FATSAT + GRAPPA

3

--

+

+

-

FA = flip angle. Mental region and lower jaw angles: -- one large hole or multiple large holes; - multiple holes; + view holes; ++
no holes. Manual editing: -- more than 15 parts edited; - 10-15 parts edited; + 5-10 parts edited; ++ less than 5 parts edited.
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Fig 2. Impaired segmentation quality of the mental region. The axial and sagittal slices and
the 3D model derived from the standard Black Bone MRI sequence (with a flip angle of 2°) show
the impaired segmentation quality of the mental region. The interruption in the black boundary
(cortical bone) creating the virtual holes in the model is visible in the slices.

Fig 3. Impaired lower jaw angle segmentation quality. Impaired segmentation quality (virtual
holes) is visible in the left lower jaw angle in the 3D model derived from the out of phase Black
Bone sequence with a flip angle of 5° and GRAPPA settings.
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Table 4. Segmentation quality scoring of each 3D lower jaw model derived from the validation
series.
No.
1

2

3

4

5

6

7

8

9

10

Series

Mental region

Left lower jaw angle

Right lower jaw angle

Manual editing

A

+

-

-

--

B

+

+

+

--

C

+

++

++

-

A

++

+

++

-

B

++

-

+

-

C

+

+

++

+

A

+

+

+

--

B

+

-

+

-

C

--

-

-

--

A

-

-

+

--

B

++

+

+

--

C

--

-

+

--

A

+

+

+

--

B

+

+

+

--

C

++

++

++

+

A

+

+

+

--

B

+

-

-

--

C

+

+

+

+

A

++

+

++

--

B

++

+

+

--

C

-

+

++

+

A

+

-

-

-

B

+

-

-

--

C

++

--

-

-

A

++

++

++

-

B

++

+

++

-

C

++

+

++

+

A

+

+

+

--

B

+

+

+

--

C

+

+

+

+

A = FA 2 FATSAT with GRAPPA, B = FA 2 out of phase with GRAPPA, C = FA 2. Mental region and lower jaw angles: -- one large
hole or multiple large holes; - multiple holes; + view holes; ++ no holes. Manual editing: -- more than 15 parts edited; - 10-15
parts edited; + 5-10 parts edited; ++ less than 5 parts edited.
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Fig 4. Axial views of the three different Black Bone sequences. From left to right: standard
Black Bone MRI sequence, Black Bone with quick FATSAT + GRAPPA, and Black Bone out of phase
+ quick FATSAT. More noise is visible in the middle and right images and these images also show
more soft tissue contrast.

The mean deviation values between the reduced MRI-based models and the CT-based
models are between 0.6 and 0.8 mm for all three sequences (Table 5). Fig 5 shows
examples of aligned CT- and MRI-based models and the reduced models.
This analysis is performed after reducing the models by two cutting planes, whilst
maintaining the ROI for comparison purposes.

Table 5. Mean values and standard deviation of the deviation analysis measurements between
CT- and MRI-based models.
Sequence

Mean deviation in mm (stdev)

FA 2 with quick FATSAT + GRAPPA

0.63 (0.58)

FA 2 out of phase + GRAPPA

0.59 (0.55)

FA 2

0.80 (0.88)

MRI-based 3D planned surgery
The most adequate segmented sequence was selected for a patient with a T4 oral
tumour, a Black Bone with quick FATSAT + GRAPPA and a flip angle of 2°, for patient
specific reconstruction plate (PSP) design and surgical margin planning. The workflow
for this case is shown in Fig 6. The second MRI-based surgery used the Black Bone
sequence with a flip angle of 2˚ (Figure S11).
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Fig 5. Aligned CT- and MRI-based models. (A) Aligned CT- (purple) and MRI-based (grey) models.
(B) Distance map of the reduced models. The CT-based model is analysed and compared to the
MRI-based model.

Fig 6. MRI-based 3D virtual planning workflow of the first case. (A) Segmentation of the
mandible model (yellow) from Black Bone MRI. (B) Delineated tumour contour (red) projected
onto Black Bone MRI. (C) MRI-based 3D model. (D) MRI-based 3D model including tumour
outline (red) and bone to be resected (semi-transparent grey). (E) Design of resection guides
and reconstruction with fibula. (F) Final reconstructive planning, including patient specific
osteosynthesis plate.
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The virtual evaluation of the test plate showed the MRI-based plate fitted properly
(Figure S12). The test plate deviated slightly from the model in the mental region, as
well as in the region where the masseter muscle overlaps the lower jaw (both right and
left side), and it deviated minimally on top of both the left and right ramus in terms
of an anterior opening between plate and bone surface. The planning of the surgery
was decisively based on the virtual fitting of the test plate on the MRI-based models
together with the expert opinion of two surgeons.
Fig 7 shows the 3D printed PSP placed on the 3D printed reconstruction model. The
virtual surgical reconstruction plans of both cases are shown in Fig 8.
Fig 9 shows the PSP connected to the two fibula segments during surgery. The fibula
segments are connected to each other and to the original lower jaw bone without gaps
and there is also no deviation visible between bone and plate.
The post-operative evaluation resulted in a mean distance of 2.3 mm between the
midpoints of the saw planes. The mean distance between the centre points of the fibula
segments was 3.8 mm and the mean angle between the axis of the fibula segments was
1.9° (Figure S13).

Fig 7. 3D printed patient specific reconstruction plate (PSP). The 3D printed plate is placed on
the 3D printed lower jaw reconstruction model before surgery.
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Fig 8. Virtual surgical plan of two cases. The 3D MRI-based lower jaw models (white), fibula
segments (green and blue), patient specific reconstruction plate (grey, upper case) and the
cutting guides (yellow, bottom case) of the first case (upper image) and second case (bottom
image) are depicted

Fig 9. Patient specific reconstruction plate (PSP) in surgery. The PSP is connected to the fibula
segments during surgery, with a perfect connection of fibula parts to the lower jaw.

DISCUSSION
This study is the first to report a 3D virtual planning workflow, based on an MRI Black
Bone protocol for 3D lower jaw segmentation and resection planning.
Segmentation of the lower jaw is only possible when there is clear soft tissue-lower jaw
contrast, the preference being minimal soft tissue contrast. Therefore, the flip angles
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were varied between 2˚ and 7° to compare the emanating tissue contrast. Application
of quick FATSAT results in a nulled signal of fat (black in the images), leading to a more
balanced contrast in the image and darker visualization of cancellous bone (less contrast
between cortical and cancellous bone). Scanning was performed without interpolation
to avoid rough 3D surfaces. GRAPPA is a parallel imaging technique, resulting in much
shorter scanning times. This is especially beneficial in head and neck imaging, due to
frequently occurring movement artefacts. This study showed that GRAPPA scans are
faster in acquisition, however, not in segmentation time, since GRAPPA scans shows
more noise. Finally, out of phase scanning was performed, since this results in small
black lines on fat-water tissue borders. These black line artefacts are possibly useful for
segmentation of the bones.
Based on the results of the test series, three sequences were selected to use in the
validation series. A flip angle of 2° was chosen, in contrast to the 5° flip angle that Eley
et al. used (25), with the knowledge that a smaller flip angle gives a more homogenous
aspect with less soft tissue contrast.
The validation method (surface comparison with the gold standard 3D CT-based
models) showed average deviation errors between 0.6 and 0.8 mm. Consequently, the
coronoid processes of the lower jaw models were discarded, because these areas were
difficult to separate from muscle attachments and they were also not relevant for the
tumour resection planning and jaw reconstruction planning. Even though this reflects
the limitation of segmenting 3D lower jaw models from MRI data, it was possible to plan
surgical resection guides and reconstruction plates from the MRI data in patients.
The test series (phase 2) did not show any differences in segmentation quality between
images obtained with GRAPPA, GRAPPA3 or without GRAPPA. However, the data of the
validation series (phase 3) obtained with GRAPPA, required more extensive manual
editing compared to the data scanned without the use of GRAPPA. More noise was
observed in the GRAPPA images, one of the disadvantages of the faster scanning method
and a possible explanation of bad segmentation quality. The impaired segmentation
quality could also be explained by the fact that out of phase imaging and addition of
FATSAT cancel out the effect of low soft tissue contrast caused by the low flip angle, as
seen in Fig 4.
Marginal differences between the results of the validation series resulted in a hard
selection process for the best sequence for segmentation and 3D modelling of the lower
jaw. In most cases, the best segmentation was derived from the Black Bone sequence
without the application of quick FATSAT and out of phase scanning. However, regarding
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the first clinical case, the sequence scanned with quick FATSAT and GRAPPA, proved
to be suitable and accurate for this purpose as well. Since segmentation time is an
important factor for application in clinical routines, the standard Black Bone sequence
is preferred. It is advised to add the other sequences to the scanning protocol as well if
time and situation permits, since the best sequence per case is not known at forehand.
To date, visualisation of tumour margins when planning a tumour resection of
oral cancer requires fusion of CT data with MRI data (1). CT data is used for 3D bone
modelling, whereas the MRI is utilised to visualise the tumour. The resection guides are
produced from the fused data. Even if multi-modality image fusion (CT and MRI) is not
required, ‘fusion’ between MRI data is necessary, since the Black Bone sequence does not
delineate the tumour. This ‘fusion’ of the MRI data from the same series is more accurate,
since it is obtained from the same patient positioning and the same scanning moment.
Acquiring 3D lower jaw models from CT data is relatively simple and does not require
long segmentation times. Creating 3D models based on MRI, however, take at least 3
times longer due to the required manual editing. The additional MRI-segmentation time
is estimated to be 30 minutes per 3D lower jaw model for MRI-based segmentation.
Since the scope of this research was a proof of principle in the use of MRI-based 3D
models in surgical planning, the time gain is not proven in this study. However, we
expect time gain, since MRI-MRI fusion might be faster than MRI-CT fusion, due to the
same patient positioning. Moreover, when MRI based surgical planning is proven to be
as accurate as CT-MRI based planning, the CT-scan is not necessary and this will save
time and workload for the radiologist and the patient.
To our knowledge, this paper is the first to describe Black Bone MRI for 3D virtual resection
margin planning. Eley et al. described the role of Black Bone MRI for radiation reduction
in craniofacial imaging (25), for cephalometric analysis (26), and as a potential alternative
to CT in 3D reconstruction of the craniofacial skeleton (27). Radetzki et al. (28) used a
Black Bone MRA sequence for virtual simulation and evaluation of femoralacetabular
impingement. Robinson et al. (29) described the utility of Black Bone MRI in assessments
of the foetal spine. The use of MRI for 3D virtual resection margin planning in head and
neck oncologic reconstruction surgeries has not been reported before.
This study describes two successful cases where a patient specific reconstruction plate
and lower jaw surgical guides were designed based on 3D MRI models. A prospective
clinical trial must be performed to support the added value of the current 3D planning
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workflow in terms of improved resection margin planning, since evaluation of free
bone margins is not included in this study. Besides evaluation of free bone margins, the
prospective clinical trial can include cost comparison.
The focus of this study was on virtual lower jaw resection planning However, applying
this method to the upper jaw is expected to be possible. Air and bone have identical
grey values in Black Bone MRI, so segmentation difficulties are expected due to air in the
sinuses connected to the upper jaw.
At this moment, we are not able to plan and resect soft tissue by guided surgery. All
the above focuses on bony resection planning and bony margins. Complete tumour,
bone marrow invasion, and tumour attached to the bone surface is visible on MRI data.
This GTV is added to the bone model (now also MRI based) in order to plan the bony
resection.
Using MRI data instead of CT data to produce 3D bone models of the lower jaw may
eventually lead to more accurate margin planning, by avoiding the CT-MRI fusion step.
The omission of data fusion will also lead to an optimised workflow. Since the planning
workflow already consists of several steps, a shorter workflow based on one image
modality is desirable and will contribute to optimised patient treatment.
The utilisation of the Black Bone sequence optimised and validated in this study, is not
restricted to this specific workflow. The MRI sequence can be applied to various medical
navigation planning software packages used for navigational surgery. Also, other
medical fields (e.g. (maxillofacial) trauma surgery, orthopaedic surgery) might profit
from these MRI sequences for bone visualisation.

CONCLUSION
An MRI-based tumour delineation, bone segmentation and margin planning workflow
was developed, using an optimised 3 Tesla Black Bone MRI head and neck protocol.
This novel protocol allows tumour margin visualisation in pre-operative planning.
The successful completion of two lower jaw, 3D MRI based planning, resection cases
following reconstruction surgery is a first step in order to prove clinical feasibility.
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ABSTRACT
Osteoradionecrosis is defined as bone death, secondary to radiotherapy. There is a
relation between the received radiation dose and the occurrence of osteoradionecrosis
of the jaws, with the risk increasing after a dose of >60Gy. In cases of class III mandibular
osteoradionecrosis, a segmental resection can be indicated. The current practice is to
completely remove the affected bone up to the point where the bone looks healthy and
is bleeding. Exact resection planning and the use of guided surgery based on imaging
of the bone changes have not been reported so far. This report describes a method
whereby the radiotherapy dose information can be incorporated into the imaging of
the affected bone to plan a 3D virtual guide resection- and reconstructive mandible
surgery in osteoradionecrosis. The method enables 3D visualization of each desired
dose field, in relation to the 3D model of the affected bone. Two types of resection and
reconstructive applications are described.
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INTRODUCTION
Osteoradionecrosis (ORN) is defined as bone death following radiotherapy (RT),
characterized by a non-healing area of exposed bone (1, 2). The deleterious and
disabling side-effects of head and neck cancer radiation on bone are amongst the
hardest to treat. The progression of ORN in the jaw can be difficult to control, resulting
in the development of large osseous defects (3). There is a pathophysiological relation
between the occurrence of ORN in the jaw and the radiation dose i.e., the radiation
dose is reported to be a risk factor for the development of ORN. The risk of developing
osteoradionecrosis with a dose of 40-60Gy is considered as medium whereas 60Gy is
frequently reported as high (4-7). Osteoradionecrosis often occurs within 3 years after
completing RT and is related to trauma to bone (tooth extractions prior to or post RT),
treated tumor volume and a patient’s health status.
This study focuses on the category of patients who required surgery as a result of
developing severe, or class III, ORN (8, 9). This surgical intervention includes removal of
the affected bone and possibly a free-flap reconstruction as well. Current determination
of resection margins of the affected bone is based mainly on pre-operative interpretation
of imaging; CT and Technetium-bone scans, in combination with per-operative tissue
exploration. Exact margin planning, and thereby also planned reconstruction of the
defect, is not possible using these methods. Reconstructions are mostly performed
without pre-treatment and exact size planning. Currently, the actual resection area of
the affected bone is determined per-operatively; re-sectioning continues until healthy
bleeding bone is visible at the margin (10, 11). In addition, as was described by (12),
histopathologic confirmation that the necrotic bone margins have been completely
resected does not always tally with the progression of ORN.
Exact pre-operative determination of the affected bone area, and thereby resection
margin planning, is challenging, making reconstruction planning unpredictable and
thus suboptimal. In contrast to mandibular resections in cases of malignancies, no 3D
planned resection and guided surgery has been described to date for cases of ORN
related resections. Recent studies of primary oncologic resections reported successful
integration of both resection planning and reconstruction, based on a 3D virtual
planning (13-15), which might be applicable to ORN cases as well.
In order to make 3D virtual plans for the resection, the ORN affected tissue or tissue at
risk requires adequate delineation. However, it is more difficult to derive exact margins
from routine imaging in severe ORN cases. This case study introduces a method for
resection planning based on the 3D information of the received, causative, radiation
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dose. During the 3D resection planning, the received dose can be visualized at each
location of the affected bone. Moreover, this visualization technique can be applied to
plan the drilling of screw holes for osteosynthesis plate fixation, in the case of necessary
secondary reconstruction, outside the high dose field. Both applications are described
below.

CASE REPORTS
Patients 1A and 1B – retrospective analysis of Resection vs. Radiotherapy
field
The first patient (Case 1A), was treated using conventional methods, as the 3D
visualization methods were not available at the time. A retrospective analysis of the
ORN in relation to the 3D visualization of the RT field was made.
This patient was diagnosed in April 2009 with squamous cell carcinoma in the floor
of the mouth, stage pT4N0, which was subsequently removed surgically by means of
marginal mandibular resection. Histopathology confirmed tumor free margins of 5mm
but bone invasion, perineural spread and an invasive tumor front were observed. The
mandible was radiated post operatively using intensity modulated radiation therapy
(IMRT) with the maximum dose of 56Gy within the planned target volume (PTV). Three
months after primary treatment, and 1 month after IMRT, the patient was diagnosed
with intra-oral exposed necrotic bone (ORN) and a fractured mandible with an orocutaneous fistula. The fistula healed following hyperbaric oxygen (HBO) treatment (30
sessions) and the intra oral mucosa remained intact. In agreement with the patient, it
was decided to reconstruct the mandibular defect with a free cancellous bone graft
from the iliac crest, in lieu of using a free vascularized flap (16). The affected bone was cut
from the mandible up to the point where the sequester was removed and the bone was
bleeding from the marrow. The free bone from the iliac crest was inserted as a bloc and
fixed with a 2.3 reconstruction plate. The patient then received 14 additional sessions
of HBO treatment and a daily dose of Amoxicillin-clavulanic acid for a period of 14 days.
Three weeks later, the patient developed a cutaneous fistula whereby the osteosynthesis
plate was exposed but the intra oral mucosa remained intact. Second surgery included
resection of the exposed anterior part of the native mandible which had developed
ORN around the osteosynthesis-screws. The iliac graft, though vital, was removed
and the defect was reconstructed with a free vascularized fibular flap. This was done
because bone was exposed through the skin and substantial lysis of the bone around
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the exposed screws. Moreover it needed replacement with bone and soft tissue to
overcome loss of tissue, it was assessed that a free vascularized fibular flap was the best
option. The graft healed without further complications, and is in situ to this day.
Retrospective analysis:
As described in the above, the patient suffered from ORN twice and underwent 2
corrective surgeries. In order to see whether the second surgery could have been avoided,
and which area received which dose of RT, a retrospective 3D analysis was performed.
The RT dose information and the CT data were combined in order to visualize both the
3D dose information and the bony structures. The received RT dose, the PTV, was 56Gy.
The retrospective visualization of the high dose, PTV or 56Gy area, is shown in Figure
1. After consulting the radiation oncologist, the correct isodose lines of the PTV (56Gy)
were selected and exported as a radio therapeutic structure set (RTSS) together with
the CT dataset of the RT. The CT and RTSS were combined using a conversion method
described by (17).
The combined RT dose- and CT information were imported into the 3D surgical
planning software, Proplan 2.1 (Materialise, Leuven, Belgium). Here a 3D model was
made for both the RT and bony structures. This 3D model enabled the discussion and
indication regarding the osteotomies for the resection of the affected bone. (Figure 2).
The same 3D model also included the actual performed osteotomies in both surgical
interventions. These were derived from post-operative imaging of both interventions.
This 3D visualization of all the performed osteotomies and the suggested, RT based,
osteotomies showed that the resection margins of the first surgical correction, including
the iliac crest graft, were within the 56Gy field (Figure 1).
In addition, the osteotomies of the second surgical intervention, including the fibula
graft, were around the margins of the high dose field, as visualized in Figure 1b.
Visualization of the 56Gy area is presented in Figure 1c.

Patient 1B – prospective 3D analysis and surgicalx treatment of ORN
The above described method was applied to an additional patient-case (Case 1B), where
the visualized RT dose field was used prospectively for resection margin planning. This
patient had developed a squamous cell carcinoma in the floor of the mouth, primary
treatment was surgical resection, including marginal resection of the mandible, and
additional RT (56Gy). The patient developed ORN within 11 months after primary
treatment. The high dose 56Gy area was visualized according to the workflow described
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above with the outer boundary of the displayed field showing the 50Gy isodose field.
50Gy was chosen because the risk of developing osteoradionecrosis with this RT dose
is low (18). Surgical guides were designed and fabricated for affected bone resections,
according to the 3D surgical plan. Resections were performed according to the guides
and bleeding of the bone was observed after resection. Pathologic examination of
the resected bone fragments confirmed ORN. In the follow-up period, until currently,
no recurrent ORN was found. Figure 2 represents an overview of the visualization and
surgical planning of case 1B. The workflow for both patients is schematically presented
in Figure 3’s flowchart.

Figure 1: Schematic overview of the workflow from isodose curve selection to 3D visualization
and surgical planning

Figure 2: A. Panorex of the situation with a migrated plate at the left condyle.
B. Panorex after plate reconstruction, based on the RT dose visualization.
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Figure 3: Stepwise 3D representation of retrospective resection evaluation in patient 1.
A. The initial resection following ORN, including reconstruction with iliac crest bone.
B. The resection after the second occurrence of ORN, including reconstruction with a fibular graft.
C. Proposed resection based on visualization of administered RT dose.

Patient 2 – Determination of osthesynthesis -screw location
This 84 year old male patient was diagnosed with squamous cell carcinoma (pT4N1) in
the buccal mucosa of the left mandible, in January 2014. The malignancy was removed
by 3D guided surgical resection including neck dissection and a reconstruction with
a free vascularized fibula flap. Post-operative IMRT-based RT was delivered at the PTV,
with a dose of 66Gy. An intra-oral fistula occurred within 20 months after completion of
RT, where the bone was exposed. HBO was applied after which the outer cortex of the
exposed bone was removed until the bone started to bleed. It was covered with a soft
tissue naso-labialrotational flap. Noteworthy is that the fibula graft was not removed,
therefore the mandible remained continuous. The fistula persisted after the attempt
to cover it using local tissue grafting. Also, the osteosynthesis plate, holding the fibula
graft in place, migrated at the condyle region, as can be seen in the panorex, Figure 4a.
The osteosynthesis plate was removed including the necrotic fibula graft. In order to
remain contour and provide the patient with a stable occlusion, a new osteosynthesis,
2.7mm reconstructive plate was inserted including a condylar add-on. At the same
time, the oro-cutaneous fistula was closed from the outside using a pedicled temporalfascia flap with skin. No additional bone graft was used in this procedure because the
patient refused bony reconstruction at that time. The patient accepted the risk of plate
exposure without bone insertion.
The screw locations for the reconstructive plate were planned according to the 3D
visualization. This planning was based on the received radiation dose in order to prevent
unnecessary screw insertion in the high-dose area.
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All required screw locations were planned outside the high-dose field of 66Gy. At least
three of the screws were planned outside the low-dose 50Gy area, in order to maintain
plate stability; to prevent screw movement. A 3D visualization of the received RT dose
was made. This visualization included both the 66Gy and the entire 50Gy area, which
was agreed to be a potential area at risk of developing ORN (18). Both the 66Gy and
50Gy volumes were selected and converted to the virtual planning software, using the
aforementioned methods. Figure 5 represents the overview of the 3D workflow in this
case example, where 5a presents the baseline, 5b the visualization of the 66Gy field, 5c
the 50Gy field and 5d the 3D print model for plate bending.

Figure 4: Stepwise representation of the 3D planning workflow for patient 1B.
A. ORN has led to mandibular fracture.
B. Projection of the 56Gy RT field.
C. Resection planning with planned osteotomies, outside the 56Gy field.
D. Reconstruction planning including fibula and dental implants.

Figure 5: Stepwise representation of the 3D planning workflow.
A. Current ORN situation, with fibula reconstruction in situ.
B. Visualization of the area that received a dose of 66Gy.
C. Visualization of the area that received a dose of a maximum of 50Gy.
D. 3D print model of the mandible used for osteosynthesis bending, including an extension to aim
the condylar add-on, as indicated by the arrow under the insert.

Only the 50Gy dose line was included in the 3D printed model of the mandible in the
current situation because the 66Gy border lay within the part that would certainly be
removed during the procedure. The printed model was used for osteosynthesis pre-
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bending and provided direct feedback as to where to drill the planned screw holes in
the lower than 50Gy dose area. Per-operatively bleeding of the bone was observed after
drilling the screw holes. The osteosynthesis was bent and placed, including a condylar
add-on which replaced the condyle; this has been in situ for 10 months so far. The final
result is represented in Figure 4b. Note that the 3D visualization method described in
this study was not available during the previous interventions this patient had received.
In other words, this is the first time the method to visualize the RT fields and to plan the
screw locations has been used and described.

DISCUSSION
This case study presents a novel method for 3D visualization of RT isodose lines in
relation to 3D bone models derived from CT data at the time of ORN occurrence. This
enables evaluation of ORN risk areas, exact resection planning of ORN affected bone or
screw hole planning of reconstruction plates outside the high dose area. The current
methods for resecting affected ORN bone consist of CT data interpretation and peroperative exploration of the tissue. As described by (12), histopathologic confirmation
of necrotic free bone margins, after identifying bleeding-, healthy bone per-operatively,
does not assure cessation of the progression of the disease.
The method of 3D visualization and planning of resection/screw position does not assure
or guarantee a course of improvement after treatment (compared to conventional
surgical treatment), as ORN is a multifactorial problem. However there is a correlation
between received RT dose and occurrence of ORN, for which it should be incorporated
in the planning of surgical treatment (19, 20). In addition comparable visualization
could be used in decision making with regard to teeth extraction or implant insertion
in irradiated areas .
This case study does not provide advice regarding cut-off values for radiation doses and
planning of resection margins. Any dose can be visualized, as reported here, hence this
method can serve the individual surgeon’s preference.
It is recommended to determine the cut-off doses, or the probability dose mapping,
by correlating the received dose and occurrence of ORN. In order to derive such a
predictive model, a large database analysis is required (20).
A functional trade-off between loss-of function and preventive bone resecting is
difficult if no exact cut-off doses are defined. For example, a resection based on a 50Gy
dose field could include resecting an intact mandibular nerve, the mandibular condyle
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or temporomandibular joint, thereby decreasing a stable occlusion. It would require
additional evidence in order to adequately define the risk of re-occurrence of ORN and
the trade-off with loss of function in the case of a preventive resection. Moreover the
advised resection planning remains unclear and is founded on the individual surgeon’s
choices at this stage.
Pautke et al. (21) described a method for per-operative guidance for resection margins.
They suggested using tetracycline bone fluorescence guided resection to identify the
ORN affected region. This technique appears to have improved the surgical therapy of
ORN, however no large trials were described for this method. Moreover, a pre-operative
planning using this method, that includes a defect reconstruction, will not be enabled.
The advantage of the method described in this manuscript is that it does not require the
administration of additional pharmaceuticals.
Osteoradionecrosis can manifest as a progressive disease, whereby necrosis can
continue, even after surgical removal of the affected bone in a later stage. In conventional
surgical treatment of severe ORN, the affected bone is removed up to the point where
healthy bleeding bone is identified at the margin. Usually, no additional margins are
included in the resection in anticipation of potential relapse of the disease. The method
developed in this study could provide a single-stage solution for the cases where the
relation between the radiation dose and situations that require surgical re-resection can
be determined.

CONCLUSION
This report provides a decision supportive method which visualizes the selected isodose
fields together with the 3D bone models. It demonstrates the use of this method in
clinical practice. Despite the absence of a strict relation between received RT dose
and risk for ORN, related to the cut-off dose, pre-planned resection margins or screwlocation planning can help in accurate surgical planning and plan (traumatic) surgical
manipulation of the bone for these patients in bone that received a low radiation dose.
The tool developed by this study is, at this stage, an addition to current decision making
options in the treatment of severe ORN.
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ABSTRACT
Background. The purpose of this study is to analyse the accuracy of maxillary
positioning in orthognathic surgery using patient specific CAD-CAM osteosynthesis
plates. Pre-operative 3D virtual plans were translated to Le Fort I osteotomy procedures.
Methods. A retrospective case study of three patients was conducted. Virtual surgical
planning was used for each case based on a CBCT, using Simplant O&O. Patient specific
CAD-CAM drilling guides and osteosynthesis plates were produced for maxillary
positioning and fixation. Maxillary placement accuracy was evaluated by virtual
comparison of the pre-operative planning and post-operative CBCT images.
Results. Three patients (average age: 40 years) underwent the patient specific
osteosynthesis procedure as part of their bi-maxillary osteotomy treatment. Postoperative analysis of the three cases showed an average deviation of 1.3 ± 1.4 mm from
the pre-operative planning, at the level of the upper dentition.
Conclusion. This method enables intra- operative positioning of the maxilla,
independent of the condylar/mandibular position and requires no extra-oral reference
points. The study demonstrates that this method results in accurate maxillary placement.
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INTRODUCTION
Three dimensional (3D) planning of orthognathic surgery is already widely utilized in
clinical practice, especially for the treatment of asymmetrical maxillofacial deformities.
Surgical outcome in these cases depends on proper planning and on proper translation
of the treatment plan to the actual surgical procedure (1). Correct positioning of the
maxilla, after a Le Fort I osteotomy, in the transversal and sagittal plane is usually guided
by an intermediate splint (2, 3). The vertical dimension is generally determined using
intra- or extra oral reference points (4). Intra oral reference points are usually marked
on the bone above and below the osteotomy line. The most commonly used extra oral
reference point is a nasion screw or glabella pin. These parameters can cause inaccuracy
in the positioning of the maxilla as can the splint, the vertical positioning error, intra
operative condylar sag and condylar posterior pressure (5). Reported alternatives for
the positioning of the maxilla are 3D printed guides, used intra operatively, and a tooth
or bone borne, to guide the maxillary movement (2). These can be used in conjunction
with pre-bend plates (6). This study aims to develop and evaluate a novel method
for maxillary positioning, independent of the amount of condylar sag. To realise this,
patient specific osteosynthesis plates and placement guides were developed. Patient
specific osteosynthesis or splintless maxillary repositioning have been reported (7, 8)
but this study aims to introduce a patient specific method that requires no additional
tissue removal or changes in surgical procedures and includes post-operative accuracy
analyses. The primary outcome measure is the maxillary position based on cone beam
computed tomography (CBCT) analysis.

PATIENTS AND METHODS
The medical ethical committee of the University Medical Center Groningen has
approved the use of the patient specific osteosynthesis and this study conforms to the
Declaration of Helsinki principles for ethical medical research.
A retrospective case study of three patients, whereby the patients were treated using
patient specific CAD-CAM osteosynthesis plates, was conducted by the department of
Oral and Maxillofacial Surgery at the University Medical Center Groningen. All patients
met the following inclusion criteria: 1) patients required a Le-Fort I osteotomy as part of
a combined orthodontic/surgical treatment plan, 2) they had not undergone previous
maxillary or mandibular orthognathic surgeries, 3) craniofacial anomalies/syndromes
were absent. The patient group consisted of 2 females and 1 male with an average age
of 40 years (range: 21-60 years).
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Data acquisition
A 3D scan of the craniofacial area was performed using CBCT imaging (i-CAT, Imaging
Sciences International, Hatfield, USA). All output files were generated in digital imaging
and communications in medicine (DICOM) format. A virtual model of the dentition was
obtained using the Lava™ Chairside Oral Scanner (3M™ ESPE™, St. Paul, USA). This scanner
gives stereo lithography (STL) output files. The virtual dentition models were projected
and superimposed on the CBCT images using Simplant O&O (Simplant, Kessel, Belgium)
and the contours were aligned.

Virtual planning
After segmentation of anatomical structures on the augmented model, virtual
osteotomies were carried out using the custom planar application and repositioning
tool in the software. Positioning of the maxilla was based on pre-determined clinical
data and virtual analysis. The virtual surgical planning was completed by indicating the
preferred locations for the plate- and screw fixation on the zygomatic and paranasal
buttresses, guided by the bone thickness as interpreted from the CBCT images (9).

CAD/CAM osteosynthesis
Generation of virtual planning STL files enables the design and fabrication of medical
grade titanium miniplates using CAD-CAM techniques (Createch Medical, Mendaro,
Spain). The design of the plates is based on the size and shape of conventional titanium
L-plates used with le Fort I osteotomies (Figures 1 and 2). The indicated screw locations
are used as the basis to design the plate, following the contour of the maxillary bone,
which aids in the translocation towards the final position. A drill- and cutting guide
is designed (Figure 1) to enable accurate placement of the patient specific CADCAM osteosynthesis plates. These guides are printed in 3D using stereo lithographic
techniques (layer- wise polymerisation of liquid resin) and the plates are manufactured
using a five axis milling machine. A 3D intermediate splint is fabricated (Simplant, Kessel,
Belgium) as a fail-safe; this provides the surgeon with a means to switch to conventional
translation methods when the maxillary position is being questioned, after using the
CAD-CAM plates. This splint is based on the surgical planning and therefore contains
the same degree of translocation as that planned with the CAD-CAM plates. All guides
and osteosynthesis plates are sterilized using regular hospital sterilization means.

Surgical procedure
The surgery includes a conventional Le Fort I approach through a vestibular incision of
the maxilla, exposing the maxillary bone. Subsequently, the cut- and drilling guide is
fixated on the dentition using wire around the orthodontic braces. The guide abuts on
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the contour of the bone and indicates the le Fort I bone cut and the drilling locations
for all the screws. Maxillary translocation is already accounted for in the guide. Once the
guide is in place (Figure 3), the screw holes are drilled and the cutting line is indicated
using a marker pen. The osteotomies are made according to this line. The fixation plates
are then postioned guided by the drill holes and fixated with commercially available
1.5 mm osteosynthesis titanium screws (KLS Martin Group, Tuttlingen, Germany), See
Figure 4. The mandible is repositioned using a conventional bilateral sagittal split
osteotomy guided by the final 3D printed splint and fixated using titanium miniplates
and 2.0 mm screws (KLS Martin Group, Tuttlingen, Germany). Figure 5 demonstrates the
final occlusion after the procedure.

Figure 1 - Dentition supported drill and
osteotomy guide.

Figure 2 - Surgical 3D patient specific CAD-CAM
osteosynthesis plates

Measurements on superimposed 3D models
The primary outcome measure is the maxillary position based on analyses of CBCT
images. A post-operative 3D- CBCT scan is made to evaluate the repositioning. All
planning and postoperative files are anonymised. The Simplant software is used to
render 3D structures of the skull, maxilla and mandible, using the same Hounsfield
threshold values as in the virtual planning. The pre-operative intra-oral scan of the
dentition is matched with the post-operative CBCT dental contours to make-up a postoperative augmented model. The STL planning and surgical outcome files are exported
to Geomagic Qualify (3D systems, Rock Hill USA). The 3D treatment plan is matched
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with the post-op data on both zygomatic bones, the supra orbital rims and the foramen
magnum, based on an iterative closest point (ICP) algorithm. All measurements are
performed by one observer (JK) who is not involved in the surgical treatment. Following
each superimposition, colour-coded distance maps are constructed to measure the
amount of displacement of the maxillary dentition. The mean distance of displacement
is calculated for each patient.

Figure 3 – Dentition
supported guide during
surgery

Figure 4 – Osteosynthesis
situated after screw
placement

Figure 5 - The occlusion at the
end of the procedure

RESULTS
Three patients, average age 40 years, received bimaxillary osteotomy treatments
including the CAD-CAM osteosynthesis. All the cases underwent ventralization of the
maxilla and the 2nd and 3rd cases also had dorsal downgrafting of the maxilla. No switches
were made to conventional, splint guided, repositioning in this study. Post-operative
analysis of the three cases with surface based matching, using the ICP principle,
demonstrated an average deviation from the pre-operative planning, of 1.3 ± 1.4 mm
Euclidian Distance on the dentition area. Post-operative CBCT images were taken as part
of regular follow-up, within approximately two weeks after surgery. Figure 6 shows the
mean distance between the superimposed models of the pre-operative orthognathic
planning and the postoperative augmented model (the post-operative CBCT scan
matched the intra-oral scan of the dentition). The distance map of the superimposed
models demonstrated the distances were positive, in the ventral direction. This indicates
that the position of the maxilla was more forward than the virtual planning.
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The initial design of the dentition-supported guides in the first patient was felt to be
too flexible, resulting in too much freedom of movement and potential placement
error. Increasing the rigidity of the guides, which was regulated during the fabrication
process, restricted the degrees of freedom during placement in patients 2 and 3.
Additional fixation holes in the guides enabled improved fixation to the orthodontic
brackets with a metal wire, which was considered as rigid by the surgeon. The guide
provided good support during the drilling of the screw holes and did not allow any
noticeable deviation in terms of angulation.

Figure 6 - Dentition colour distance maps: patient 1. (left), 2. (middle) and 3. (right). The legend on
the right reflects the distance between the pre-operative (planning) and post-operative imaging
of the dentition. Note that differences represented by the colors are in XYZ-planes.
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DISCUSSION
The objective of this study was to introduce and evaluate a patient specific CAD-CAM
osteosynthesis plate, as a translation tool, from a virtual Le Fort I treatment plan to
surgical intervention. The average deviation of the post-operative maxillary dentition,
compared to the treatment plan, was 1.3 ± 1.4 mm.
The accuracy in the first patient was noticeably less compared to the second and third
patient. In the first patient, the design of the drilling guide was too bulky, leading
to less accurate positioning of the guide. The bulky guide was also slightly flexible.
Retrospectively, this was regarded as too flexible with a risk of bending during seating
and therefore introducing inaccuracies.
The guide design was adjusted and less bulky in the second and third patients resulting
in an average deviation of 0.85 ± 1.15 mm in both patients. Proper positioning of
the guides requires a regular surgical approach and when these guides are designed
correctly the surgical access is reconcilably minimal (Figures 1 and 2).
One observer (JK), who was not directly involved in the surgical treatment, manually
positioned the intra oral scan of the anatomical outline of the dentition in the axial,
coronal and sagittal plane in the CBCT,. This process is visual and seems accurate, but
no accuracy validation was performed at this stage. Different methods are reported for
creating composite models for 3D virtual planning, which always introduces small errors
when combining CBCT images with dentition models (10, 11). This error is, however,
equally present in the CAD-CAM or conventional 3D splint methods.
Kwon et al. reported that the accuracy of maxillary osteotomies using conventional
articulator fabricated splints is 1.17 ± 0.74 mm. They compared the accuracy of maxillary
osteotomies using 3D printed splints derived from virtual planning, and found it to be
0.95 ± 0.58 mm (12). The accuracy between those techniques and our technique seems
to be comparable, but there is a difference in the direction of the discrepancy between
the methods. The maxilla of the Kwon et al. articulator patient was positioned more
posteriorly compared to the planned position. It seems logical to assume that this is
related to the fact that the patient was in a supine position during the surgery which
may have led to the condyles being in a retruded position and thereby the maxilla being
in a more posterior position than was planned(8). The Gander et al. (8) study reports a
comparable method as reported here for patient specific osteosynthesis, but however,
does not report a quantification of their post-operative accuracy as was shown in this
study. The method reported by Polley et al., on the other hand, which reports adequate
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translation from virtual planning to the actual patient, does include manual plate
bending; this was not the case here. The Polley et al. study also lacks exact accuracy
analysis (13). The results of the complete procedure in our study quantify an average
deviation of 1.3mm from the planning. Comparable results are reported by Mazzoni et
al. (7), after analysing 10 patients. However, the guide design in this study differs in that
it is dentition fixated and not bone supported.
The advantage of the method described in this manuscript is, therefore, that the plates
do not require to be bent manually and the guides assure cohesion between the screw
locations and the osteotomy.
This study reveals that a specific indication for using patient specific CAD-CAM
osteosynthesis plates are cases requiring a posterior maxillary down graft, often
combined with a counter clock rotation of the maxilla-mandibular complex (14). In
such cases, the repositioning of the maxilla will not cause many bony interferences.
Furthermore, fabricating a conventional splint is difficult for the cases requiring a semiadjustable articulator because simulating the exact hinge axis of the mandibular condyle
is not easy and virtual planning and splint fabrication will probably not overcome this
issue (12).

CONCLUSION
The main advantages of this method are that the intra operative positioning of the
maxilla is independent of the condylar/mandibular position and that there is no need
for extra-oral reference points. The patient specific CAD-CAM osteosynthesis plate is
a promising technique as it translates a 3D virtual orthognathic treatment plan to an
actual patient Le Fort I osteotomy accurately.
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CHAPTER 7
SPLINTLESS SURGERY USING PATIENT SPECIFIC
OSTEOSYNTHESIS IN LE FORT I OSTEOTOMIES: A
RANDOMIZED CONTROLLED MULTI-CENTRE TRIAL

J. Kraeima, R.H. Schepers, F.K.L. Spijkervet, T.J.J. Maal, F. Baan, M.J.H. Witjes, J. Jansma

THIS CHAPTER IS SUBMITTED TO
T H E I N T E R N AT I O N A L J O U R N A L O F O RA L A N D M AX I L LO FAC I A L
S U R G E R Y A T T H E M O M E N T O F P R E PA R I N G T H I S T H E S I S .

Chapter 7

ABSTRACT
The accuracy of orthognathic surgery has improved with three-dimensional virtual
planning. The translation of the planning towards the surgical result is reported to
fluctuate by >2mm. Our randomised controlled multi-centre trial aims to objectify
whether the use of splintless patient specific osteosynthesis can improve the accuracy
of maxillary translations. Patients requiring a Le Fort I osteotomy were included in the
trial. The intervention group was treated using patient specific osteosynthesis and the
control group with conventional osteosynthesis and splint-based positioning. Fiftyeight patients completed the study protocol, 27 in the patient specific osteosynthesis
group and 31 in the control group. The per protocol median anteroposterior deviation
was found to be 1.05mm (IQR: 0.45-2.72mm) in the patient specific osteosynthesis group
and 1.74mm (IQR: 1.02-3.02mm) in the control group. The cranial-caudal deviation was
0.87mm (IQR: 0.49-1.44mm) in the patient specific osteosynthesis group and 0.98mm
(IQR: 0.28-2.10mm) in the control group whereas the left-right translation deviation was
0.46mm (IQR: 0.19-0.96mm) in the patient specific osteosynthesis group and 1.07mm
(IQR: 0.62-1.55mm) in the control group. The splintless patient specific osteosynthesis
method improves the accuracy in maxillary translations in orthognathic surgery and is
clinical relevant in planned anteroposterior translations of more than 3,70 mm.
This randomized controlled trial was registered in the Netherlands Trial Registry under:
NTR5324
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INTRODUCTION
Orthognathic three-dimensional virtual surgical planning (3D VSP) has contributed to
the improvement in the accuracy and predictability of the outcomes. In addition, 3D
VSP allows for extensive pre-operative simulation of surgical options1. Positioning of
the maxilla during a Le Fort I osteotomy is usually guided by a splint 2, 3, supported by
intra- and/or extra oral reference points 3.
The use of 3D printed or milled splints, based on the VSP is reported to increase
accuracy, but they do not change the translation of the planning towards the surgical
procedure 4-8. The translation of the planning to the surgical procedure remains variable
and is reported to fluctuate >2mm from the planning 3, 5, 9-11. This is due to errors in
seating the splint as well as the position of the condyles when the patient is in a supine
position and, difficulties in measuring the exact vertical positioning of the maxilla 6, 11. To
overcome these translation errors, several splintless procedures have been developed
to translate the maxilla to the planned position, using patient specific osteosynthesis
(PSO) 4, 6, 10, 14, 15. However, the reports only include case reports and patient series; they
lack a control group providing systematic comparison with the conventional splintbased workflows. The use of a PSOs for maxillary fixation requires a surgical guide or
template that indicates the correct position of the screw holes and location of the
Le Fort I osteotomy. Both bone- and tooth borne supported template methods have
been described 14, 16-18. The use of PSOs potentially provides high accurate translation
of the 3D VSP to the surgical procedure, and thereby translation of the maxilla to the
planned position 19. There is no reported consensus as to which direction or amount of
translation the maxilla benefits most from the application of PSOs. It is suggested that a
vertical translation of the maxilla can be performed accurately due to vertical guidance
and independence of the condylar seating 10, 19.
The PSO concept was already reported by our group in 2016 after successful application
in a pilot study 6. In this prospective randomized controlled multi-centre trial the
PSO group (intervention) is compared with a control group after applying manually
contoured osteosynthesis material (OSM) to the maxilla, guided by a 3D VSP-based
positioning splint.
The primary outcome measure is the deviation, in millimetres, translation and degrees
rotation, of the planned vs. the achieved maxillary position. In addition, the surgeon’s
satisfaction is registered on applying the PSO method. This study aims to objectify
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whether there is an improvement in maxillary translation accuracy in three dimensions,
by the use of PSOs in Le-Fort I osteotomies and, if there is, to identify specific indications
for the use of PSOs.

MATERIALS AND METHODS
Study population
This randomized controlled multi-centre trial was performed at the departments of oral
and maxillofacial surgery of the University Medical Center Groningen, the Netherlands
and the Martini Hospital Groningen, the Netherlands between August 2015 and October
2018. The trial was approved by the local medical ethics board under file number: METc
2015/084. A total sample of 64 patients was identified. The sample size per group was
calculated based on data found from our group’s pilot study 6 whereby two additional
patients were added to each group to overcome loss-to-follow up or protocol violations.
Only patients who had completed the study protocol were included in the final per
protocol (PP) data analysis. In addition an intention to treat (ITT) analysis was performed.
The procedure was reported as a failure if the surgeon decided to switch from PSO
to conventional OSM during surgery. It was agreed that after three failures, the PSOs
should be critically redesigned and five failures were defined as being a stop-sign for
the study.
Patient inclusion criteria were: they were due to receive a non-segmental Le Fort
I osteotomy as part of their orthognathic surgery; could complete the routine 3D
diagnostic 3D VSP work-up; and were at least 18 years of age.
Patient exclusion criteria were: they did not agree to participate in the trial; pregnancy;
they had a known allergy to titanium; and they required a segmental Le Fort I osteotomy.
Eligible patients who were in the presurgical phase of their combined orthodonticsurgical treatment were asked to participate during the outpatient orthognathic
consultations. Included patients were assigned to either the control group or the
intervention group by means of blocked randomization. A unique blocked (block size 4)
randomization list was created by the sealed envelope online tool 20.
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Intervention
A 3D VSP was performed for every patient according to the triple scan protocol, as
described by Swennen et al. 21. This, including the final position of the fixation screws
for the PSO, was performed in the UMCG by a technical physician (JK) and an oral and
maxillofacial surgeon (JJ or RS). PSOs and accessory 3D printed drilling/osteotomy
guides where designed for the patients assigned to the PSO group. The PSOs where
milled out of medical grade titanium and the resin based drilling guides where designed
and fabricated by Createch Medical (Createch, Mendaro, Spain). As a fail-safe, a 3D CAD/
CAM surgical splint was ordered for every patient in the PSO group from KLS Martin (KLS
Martin, Tüttlingen, Germany) in case the surgeon decided not to use the PSO for some
reason during surgery. The patients in the control group received exactly the same 3D
VSP work-up and, based on this, a 3D CAD/CAM surgical splint was also ordered.
The surgery included a conventional Le Fort I approach with an upper vestibular incision
exposing the maxillary bone. In the PSO group, a separate left and right cut- and drilling
guide was positioned, supported by the dentition and maxillary bone. The guides on
the bone contour, fixed with a screw, indicated the Le Fort I osteotomy line as well as
the drilling locations and directions for all the screws for the PSOs. Figure 1 provides a
schematic overview of the 3D VSP (1A and B), the guide placement (1C) and the PSO
in place (1D). The maxilla was mobilised and the PSOs were positioned over the predrilled screw holes and were fixed with commercially available 1.5 mm osteosynthesis
titanium screws. An animation of the PSO concept is available online as a supplement
to this manuscript. Figure 2 provides an overview of perioperative images of placement
of the guides (2A), fixation of the PSOs (2B) and the final occlusion after completing
the procedure (2C). The mandible of the bi-maxillary osteotomy cases was repositioned
using a conventional bilateral sagittal split osteotomy guided by the final 3D printed
splint. All cases where operated by a maxilla first approach.

Outcome measures
The primary outcome measure of this study was the median difference (in millimetres
and degrees) between planned- and actual post-operative position of the maxilla in
three planes. All the patients in this trial underwent a routine post-operative Cone Beam
CT (CBCT) scan (FOV: 230x260mm, 0.4mm voxel size) at the first follow-up consultation
(10 days after surgery).
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Figure 1: Schematic overview of the 3D VSP PSO workflow

Figure 2: A. Intra operative placement and fixation of the drilling and cutting guide. B. PSOs
positioned and fixed with miniscrews. C. Final occlusion after bimaxillary surgery.

A 3D virtual representation of the post-operative situation was registered to the 3D VSP
in Maxillim v2.3 (Maxillim, Medicim, Mechelen, Belgium) using voxel-based matching 22.
A region of interest on the skull base, outside the surgically treated region, was selected
for the matching.
The orthognathic analyzer (OGA) method, as reported by Baan et al. 2016, was applied
to all cases to quantify the difference between the planned and actual post-operative
position of the maxilla 23 by one observer (JK). The measured parameters were congruent
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to those used in the 3D VSP: anteroposterior-, cranial-caudal-, left-right translation at
the central incisors, cranial-caudal translation at the first molars and pitch, yaw and roll
in order to describe the rotational movement of the maxilla.
The secondary outcome measure was the reported surgical satisfaction. The surgeons
applying the PSOs were asked to score the user friendliness of the guide and PSOs, as
well as the position of the maxilla after completing the translation.

Statistics
The Mann-Whitney-U test was applied in order to compare the median and interquartile
range of both groups for each parameter. The inter observer variation was determined
for a randomly selected sample (N=5) analysed by a second observer (RS). Both observers
(JK, RS) identified the landmarks and voxel-based registration of the data. The intraclass
correlation coefficient (ICC) and the median and interquartile range were assessed to
quantify the inter observer variation.

RESULTS
A total of 64 patients were included in the study, after informed consent. Of these
patients, 58 completed the study protocol. Six patients were excluded from the PP
analysis due to: late changes in surgical planning (n=1); damaged or incomplete guides
or PSOs after sterilization (n=4); and per-operative conversion to the control group
protocol (n=1). The PP PSO group included N= 27 patients and the control group N=31
patients. An additional ITT analysis was performed including the five patients that
received the conventional treatment after conversion. For the ITT these patients were
included in the intervention group. The demographics of the PSO- and the control
groups are presented in Table 1.

Table 1: Patients’ demographics per study group. Used abbreviations: SD= standard deviation.
Population (n=58)
Age

Intervention (n=27)

Control (n= 31)

27.6

29.5

10

9

19-60

19-51

Female (n=31)

12

19

Male (n=27)

15

12

Mean
SD
Range

Gender
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Table 2 presents the absolute differences between the planned and realized maxillary
positions after PP analysis. The PSO group showed a smaller deviation from the planned
position, compared to the control group, both at the level of the central incisors and first
molars. The median absolute anteroposterior deviation was found to be 1.05mm (IQR:
0.45-2.72mm) in the PSO group and 1.74mm (IQR: 1.02-3.02mm) in the control group.
Regarding the cranial-caudal deviation, the median was 0.87mm (IQR: 0.49-1.44mm)
in the PSO group and 0.98mm (IQR: 0.28-2.10mm) in the control group. The left-right
translation had a median of 0.46mm (IQR: 0.19-0.96mm) in the PSO group and 1.07mm
(IQR: 0.62-1.55mm) in the control group.
The ITT analysis showed comparable median absolute values for the intervention
group, the control group values were exactly the same as in the PP analysis. The median
anteroposterior deviation was found to be 1.29mm (IQR: 0.57-2.76mm). Regarding the
cranial-caudal deviation, the median was 0.91mm (IQR: 0.82-1.46mm). The left-right
translation had a median of 0.45mm (IQR: 0.17-0.89mm).
The deviation from the planned maxillary position was found to be proportionally larger
when the planned translation of the maxilla was larger. This effect was stronger in the
control group, especially for the anteroposterior translation. Figure 3 presents a scatter
plot in which all the calculated deviations from the planned anteroposterior translations
are plotted against the actual value of the planned translation. The included regression
line for both the PSO- and the control group demonstrates the difference in deviation
between both groups. Applying the regression function to the regression lines in
Figure 3 shows that a planned anteroposterior translation of >3.67mm led to >2.00mm
deviation from the planning in the control group. The PSO group had a deviation of
1.39mm.
In addition, Figure 3 shows that the number of cases that deviated by >2.00mm from
the planned position was smaller in the PSO group (33.30%) than in the control group
(45.20%, p=0.35). Comparable results are found for the other translations. The cranialcaudal direction deviated (>2.00mm) by 3.70% of the cases in the PSO group and 25.80%
in the control group (p=0.02). In the case of a left-right translation this (>2.00mm) was
3.70% for the PSO group and 9.70% for the control group (p=0.37).
The scatterplot presented in Figure 4 shows the deviation in craniocaudal direction. It is
objectified that the amount of planned translation does not correlate with the deviation
from planning, as both regression lines are flat. The scatterplot visualizes the difference
in the amount of cases that deviate >2mm from the planned position between the PSO
group (3.70%) and the control group (25.80%). The direction of craniocaudal translation
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CW/CCW

CW/CCW

Roll

Yaw

0.21

0.53

2.33

0.46

0.06

0.23

0.56

0.16

0.19

0.49

0.45

0.19

25th percentile

0.29

0.81

3.25

0.71

0.72

1.44

2.72

0.96

75th percentile

0.44

0.60

2.17

1.02

0.53

0.98

1.74

1.07

Median

0.07

0.19

0.56

0.38

0.32

0.28

1.02

0.62

25th percentile

Control (n=31)

1.31

1.23

3.29

1.72

1.38

2.10

3.02

1.55

75th percentile

0.06

0.35

0.90

0.01*

0.30

0.81

0.06

0.01*

p-value

The smallest deviation per landmark is in bold. Pitch represents a clockwise-counterclockwise rotation around the horizontal axis. Roll represents a clockwise-counterclockwise rotation
around the anteroposterior axis. Yaw represents a clockwise-counterclockwise rotation around the craniocaudal axis. p* Represents a p-value <0.05 and thus a significant difference.

CW/CCW

Pitch

Rotation (dgr)

Cranial-Caudal

1st Molar 26

0.50

0.87

Cranial-Caudal

Cranial-Caudal

1.05

Anterior-Posterior

1st Molar 16

0.46

Left-Right

Upper Incisor

Median

Translation (mm)

Landmark

Intervention (n=27)

Table 2: Overview of the median deviation from the planned position of the maxilla, for the PSO and the control group.
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Figure 3: A scatterplot of the deviation from the planned anteroposterior translation of the PSO
and control groups.

Figure 4: A scatterplot of the deviation from the planned craniocaudal translation of the PSO and
control group.
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can be differentiated in impaction and disimpaction. For the PSO group the median
values are: 0.60mm (disimpaction) and 0.91mm (impaction) and for the control group:
0.45mm (disimpaction) and 0.78mm (impaction).

Interobserver variability
The ICC two-way mixed random was found to be 0.97 and the median difference
between the observers was 0.42mm (IQR: 0.13-1.04mm).

Surgical satisfaction
The overall surgical satisfaction of the PSO method was rated as 7.8, from a scale of
0-10, by the surgeons on comparing the parameters with their experiences using
conventional methods. The drilled screw holes (8.1), screw placements (8.1) and the
position of the maxilla (8.4) were given an especially high score after PSO application in
the questionnaire. Placement of the guide (7.5) and indication of the screw holes (7.1)
scored lower.

DISCUSSION
This randomized controlled multi-centre trial compared the application of PSOs with
a control group that received manually contoured OSM supported by 3D VSP splintbased maxillary positioning in Le-Fort I osteotomies. The 3D accuracy analysis shows
that the use of PSOs in maxillary translations leads to a smaller deviation from the actual
planned position compared to the use of conventional OSM and an intraoperative splint.
To our knowledge, our study is the first prospective randomized controlled multicentre trial that objectifies the added value of PSOs in maxillary translations as part of
orthognathic surgery. It was already reported by van den Bempt et al. 2018 that the use
of PSOs have the highest potential for accurate transfer of the 3D VSP towards the actual
surgical procedure 24.
Previous reports of the use of PSOs in orthognathic surgery have shown the advantages
in terms of accuracy, independence of condylar seating and potential time-saving 15, 19.
Suojanen et al. 2018 reported that the use of a PSO does not introduce a difference in
terms of required plate removal, infections or other soft tissue related problems 25. No
plates had to be removed in our study.
The largest population (N=32) was described by Suojanen et al. 2016, but no control
group was included and no post-operative 3D accuracy analysis was performed15.
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Heufelder et al. 2017 reported a cohort study of 22 PSO patients. A post-operative
accuracy analysis was performed with a surface-based registration which revealed
deviations between 0-2.02mm from the planned position. Nonetheless, that study
lacks systematic comparison with a conventional, splint based control group, as also
acknowledged by the authors. Heufelder et al. stated that PSOs should be used for
every maxillary positioning during orthognathic surgical procedures. Our study aims
to objectify the added value of PSOs based on a randomized comparison, in order to
define which maxillary translation actually benefits from PSO and which does not.
Several other studies reported the use of PSOs, however, these are small clinical cohort
studies or case reports and also lack a systematic, randomized comparison with a
conventional treatment group 16, 18.
Intra-operative navigation was reported as an alternative for splintless maxillary
translation, instead of PSOs 1, 26, 27. According to those studies, the accuracy of navigation
is comparable to the use of splints, ranging from 0.28-1.99mm 10, 26 but the systems can
be bulky and interfere with the surgeon’s view and it is challenging to hold the maxilla
in the correct position until the osteosynthesis material is applied 10. Hence, it is our
belief that PSOs provide a more rigid and predictable translation of the maxilla.
The guides used in our study are both tooth and bone borne resin based 3D prints
6
. Others have reported the advantages of bone borne titanium guides 19 such as
providing a more rigid alignment and guidance for the drill. Resin based guides can
deform somewhat when manual pressure is applied. On the other hand, once a small
misfit occurs on one side of a one-piece titanium guide, it might introduce larger errors
on the contralateral side. Furthermore, there is a potential difference in production
costs between 3D printed resin based and titanium guides. It was beyond the scope of
this study to objectify the cost-effectiveness of the PSO method or to compare it to the
costs of other splintless methods.

Implications for current practice
As depicted in Figure 3, the deviation from planning, increases when the planned
translation of the maxilla is larger. This is especially true for the control group which
suggests that there is a stronger indication to use PSOs for larger translations. A
reported clinically relevant cut-off deviation from the planning is 2mm 28-30. As stated in
the results section, a planned anteroposterior translation of 3.67mm or more will result
in a deviation of 2mm when the control method is applied compared to a deviation of
1.39mm for the PSO group. This supports the use of PSOs when planning anteroposterior
translations of 3.67mm (or in practice 3.70mm) and larger. A craniocaudal translation of
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the maxilla was reported to be the most difficult translation to achieve 19. Our study
shows that a PSO improves the craniocaudal positioning in comparison to the deviation
found in the control group, although not statistically significantly (see Table 2). We note
that the PSO method does not improve the impaction of the maxilla, possibly due to the
bony interferences that need to be removed by the surgeon. Moreover, the removal of
interferences was easier with conventional splint-based positioning than with PSOs, as
was reported by the surgeons in our study.

Recommendations for future studies
A comparison by Liebregts et al. (2017) of maxilla-versus mandible first approaches
indicated that the maxilla first approach is generally the most accurate 9. However, the
mandible first approach is indicated for a pitch in a counter clockwise direction. Our
study found that there is hardly any difference between the PSO (median 2.17 degrees)
and the control (median 2.33 degrees) group in terms of absolute pitch deviation. This
suggests that a prospective comparison between PSO and a mandible first approach,
using splint based maxillary positioning, should be performed for this indication.
Additional subgroup analysis is required in order to objectify if specific subgroups
benefit from the use of PSOs, such as 2 or 3 segmental osteotomies of the maxilla since
they were not included in the current study.

CONCLUSION
The use of PSO is indicated for large planned translations, especially anteroposterior
translations larger than 3.70mm. This study proves that PSO is an easy to use method
that improves the accuracy in maxillary translation in orthognathic surgery.
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ABSTRACT
Objectives. Patients suffering from osteoarthritis, ankylosis (e.g. post-trauma or tumour)
in the temporomandibular joint (TMJ) can present with symptoms such as severely
restricted mouth opening, pain or other dynamic restrictions of the mandible. To
alleviate the symptoms, a total joint prosthesis can be indicated, such as the Groningen
TMJ prosthesis. This was developed as a stock device with a lowered centre of rotation
for improved translational and opening capacity. This study aimed to improve the design
of the prosthesis, and produce a workflow for a customized Groningen TMJ prosthesis,
in order to make it more accurate and predictable.
Methods. The fossa and mandibular components of the Groningen TMJ prosthesis
were customized. A series of five human cadavers was operated and bilateral TMJ
prostheses were placed using custom cutting and drilling guides. Placement accuracy
was evaluated based on post-operative CT data.
Results. A total of N=10 prostheses were placed and analysed. The average Euclidean
distance deviation from planned to actual position was 0.81mm (SD 0.21). All prostheses
were placed according to the routine surgical approaches and had an excellent
alignment with the bony structures.
Conclusion. The newly developed custom Groningen TMJ prosthesis can be placed with
great accuracy and is the first step for improving TMJ total joint replacement surgery.
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INTRODUCTION
Patients suffering from osteoarthritis, ankylosis, post-traumatic ankylosis or tumours
in the temporomandibular joint (TMJ) area can present with symptoms such as
severely restricted mouth opening, pain or other dynamic restrictions of the mandible.
If conservative treatments or regular open joint surgery (gap-osteotomy with
arthroplasty) do not suffice, a total joint prosthesis may be indicated(1). Previous studies
have reported that placement of total joint prostheses can also improve the maximum
mouth opening and reduce pain (1, 2). Moreover, the total joint prosthesis was reported
to be a predictable and flexible instrument for reconstruction of the TMJ (2).
One of the challenges in replacing the TMJ is the imitation of the complex movements of
the natural TMJ, including both a rotational and translational component. Multiple TMJ
prosthesis variants have been produced, which were reported to have limitations with
regards to the translational component of the joint movement (3-5). As a result of the
design of the prosthesis and the lacking attachment of the lateral pterygoid muscle to
the condyle, the translational freedom was substantially restricted to a few millimetres
only. The natural translation movement of the TMJ was reported to be in the order of
16mm (6). As was described by van Loon et al., the optimal position for a fixed centre
of rotation (CR) in TMJ prostheses, thereby mimicking the physiological movement, is
15mm inferior to the natural CR (6).
This inferiorly located CR was incorporated in the Groningen TMJ prosthesis, which was
developed between 1983 and 1999 as a stock prosthesis (7, 8). A series of eight patients
who received this prosthesis was analysed after a period of eight years of follow-up.
This follow-up study of Schuurhuis et al. reported that patients were satisfied, despite
the limited improvement of the maximum mouth opening due to continuation of their
pre-operative chronic (3).
Stock prostheses can however have a suboptimal fit; requiring per-operative bone recontouring or resulting in post-operative dis-occlusion due to inadequate condylar
length (2). Moreover the TMJ prostheses require osseo-integration in order to remain
functional on the long-term, and this can only be achieved as long as the fossa and
mandibular parts are in proper and primary stable contact with the host bone (9, 10).
In general, a stock prosthesis is reported to be hard to fit, as the target area is usually
mutilated especially at the fossa level (5). The customisation of the TMJ prosthesis,
adaption of the bone connective surfaces to the anatomy of the individual patient, can
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contribute to overcome these problems. In addition, the use of custom prostheses and
the use of placement surgical guides can save time within the surgical procedure, as for
example the exact location, angulation and length of the screws are pre-determined.
As already used in other applications of patient-specific implants for oral and
maxillofacial surgery (11-13), the current techniques for 3D planning, design and
manufacturing, e.g. 3D milling and printing, enable accurate customised implants.
Due to these developments, the customisation of the prostheses and production of
custom placement/drilling guides is now readily available. However, to our knowledge,
no combined cutting, drilling and placement guides are included in current available
(custom) TMJ prostheses (14, 15).
As the Groningen TMJ prosthesis was developed and placed as a stock prosthesis, it
was not fitted with the use of individual placement guides. This might have caused a
suboptimal placement and realisation of the pre-determined CR, 15 mm inferior to the
natural CR. For the previously placed Groningen TMJ prostheses, no accuracy analyses
were performed of the placement accuracy. Therefore no exact comparison between
the theoretical model of patient-specific planning and the actual post-operative result
could be made. For other (stock or custom) prosthesis, to our knowledge, no additional
accuracy analysis was performed either. In order to effectuate the concept of lowering
the pivot point of the patient, and thereby improving the simulation of the rotation/
translational movement, the prosthesis should be placed as it was planned.
The aim of this study is optimise the design of the Groningen TMJ prosthesis, by means
of implementation of patient-specific planning and customisation. This should lead
to an accurate placement in a cadaver series. It is hypothesized that the customized
TMJ prosthesis and the introduction of custom placement guides provides an accurate
translation of the virtual planning towards the cadaver. The design and fabrication is
described in this manuscript, as well as the validation of the placement accuracy using
the guides, including inter-observer variation. The results are based on analysis of
planning and post-operative imaging of 5 human cadavers.

MATERIALS AND METHODS
The original Groningen TMJ prosthesis consisted of a total of six parts of which four
parts were available in multiple sizes to ensure a close fit to the patient’s anatomy.
The overview, together with an exploded view, of this original design is presented in
Figure 1A. Titanium was used for the fossa part (1B part B), fitting member (1B part A)
and mandibular part (1B part F) while the condylar sphere (1B part E) and translation
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plate (1B part C) were manufactured from zirconia. An Ultra-High Molecular Weight
Polyethylene (UHMWPE) disc (1B part D) formed the counter bearing surface to the
zirconia parts, as is presented in Figure 1B.

Figure 1: A. Stock Groningen TMJ prosthesis B. exploded view of stock groningen TMJ prosthesis:
a fittingmember (titanium), b fossa part (titanium), c ceramic plateau, d UHMWPE disc, e ceramic
condylar head, mandibular part (titanium) .

Two types of movements in this TMJ prosthesis were distinguished: translational and
rotational movements. This took place on separate sites. The rotational movement
was achieved by a ball and socket joint whereas the translational articulation was
obtained through an artificial disc which could freely slide over a translation site, to
the inferior side of the fossa part. The separation of these articulating sites is unique
in TMJ prostheses and enables the use of relatively large load-bearing areas for both
articulations, resulting in low contact stress and therefore low wear rates (16, 17).
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In order to customise the design the technical drawings were retrieved from the original
manufacturer to function as a base for the 3D design of the patient specific prosthesis.
In this customised TMJ prosthesis, the concepts of the original Groningen prosthesis
where maintained -i.e., the inferiorly located CR and the separated articulation sites for
rotational and translational movements. A prosthesis that consists of a customised fossa
and mandibular part was designed in order to match the individual patient’s anatomical
geometry. Figure 2 presents an example of the custom Groningen TMJ prosthesis,
including an exploded view (2B) for a detailed description per part. For this customised
prosthesis titanium alloy was used for the fossa-(2B part A) and mandibular part (2B part
E). Zirconia for used for both the condylar sphere (2B part B) and translation plate (2B
part D) while the disc (2B part C) is made of UHMWPE.

Figure 2: A. Customized Groningen TMJ prosthesis B. Exploded view of the custom Groningen
TMJ prosthesis: a printed titanium fossa part, b ceramic gliding part (tapered fixation to fossa
part), c UHMWPE disc, ceramic condylar head (tapered fixation to mandibular part).
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In addition to the customised prosthesis design, surgical guides for per-operative
placement where designed, matching the prosthesis design and the individual anatomy
(Figure 3). These surgical guides were designed to implement the virtual planning in
the actual surgical procedure, and consisted of a condylectomy guiding flange and
drill guiding cylinders for creating screw pilot holes. Guides were manufactured from
Polyamide by means of Additive Manufacturing using an EOS P396 SLS printer (EOS,
Krailling, Germany). The drill guiding cylinders were machined from stainless steel
(316L) in order to minimise wear particles due to high-speed drill contact. All titanium
parts used during this study were 3D printed from medical grade titanium alloy powder
(Ti-6Al-4V ELI/ Grade 23) using an EOS M 290 Direct Metal Laser Sintering printer (EOS,
Krailling, Germany). In the original Groningen TMJ prostheses, commercially pure
titanium (Ti-CP) was used. In current TMJ prosthesis, the mechanically superior medical
grade 23 titanium alloy was used as material for the fossa part and mandibular part. TiCP is reported to have a lower strength and resistance to fatigue than (3D printed) grade
23 titanium (18, 19). In order to obtain a smooth surface finish to all soft-tissue facing
sites of the printed titanium parts, the parts were milled after printing. The articulating
zirconia and UHMWPE parts were milled using high precision milling machines.

Figure 3: A. Custom polyamide surgery guides with stainless steel bur inserts used for cutting,
drilling and placement indication of the prosthesis. B. Condylectomy performed according to the
guide. Fossa guide applied to the bone as well.
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In order to produce the prosthesis, all connected parts were fixed through mechanical
connections. No additional adhesives were required. For fixating the condylar sphere,
a self-locking taper connection was used. For fixation of the translation plate an
interference-fit was chosen. The resulting force, when functioning in the patient, for
these mechanical connections is mainly compressive. This is comparable to the original
design (8). Both connections are illustrated in Figure 2B, exploded view. The Groningen
TMJ prosthesis as well as the surgical guides where provided by Xilloc Medical, (SittardGeleen, The Netherlands). The produced TMJ prosthesis consists of three parts: fossa
part, mandibular part, and the UHMWPE disk.
A cadaver test was set up to validate the surgical procedure and accuracy of the surgical
implantation of the customise TMJ total joint prosthesis. A total of five fresh-frozen
human cadaver heads (n=10 prostheses, =20 fixed prosthesis parts) were individually
operated and received a bilateral patient specific TMJ prosthesis. In order to make a
virtual planning and design, a CT scan of the cadaver heads was made in frozen condition.
Anatomical 3D-models of the skull, mandible and mandibular nerve were acquired
using Mimics 19.0 (Materialise, Leuven, Belgium) software. Based on these models, the
fossa and mandibular prosthesis parts where designed using 3-Matic 11.0 (Materialise,
Leuven, Belgium). The virtual planning included the anatomical CR of the mandible, the
inferiorly located prosthesis CR, resection planes for condylectomies, screw positions
and screw lengths. For all parts that required screw fixation a surgical guide/template
was designed to translate the virtual 3D-planning towards per-operative guidance for
the surgeon.
The patient specific parts of the prosthesis are fixed to the bone using 2.0mm cortical
locking screws (KLS Martin, Tuttlingen, Germany), therefore matching internal threads
were integrated into the design.

Surgery
The cadaver heads were thawed several days before surgery. Implantation was
performed according to regular pre-auricular and retro-mandibular approaches. The
surgical guides were fixed to the skull and mandible using 2.0mm surgical screws. After
drilling of the screw pilot holes through the guides, guides were removed and the
prosthesis parts were positioned with a set of three centring pins before screw fixation,
see Figure 4A and 4B. This allowed for an exact alignment of these particular prosthesis
parts to the pilot holes, therefore making sure the prosthesis is already in place before
final screw fixating. Furthermore, alignment using centring pins provides the surgeon
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a visual check to see whether or not all pilot holes line up properly with the prosthesis
parts. After bilateral implantation the heads underwent a post-operative CT scan for
analysis as presented in Figure 4C and 4D.

Figure 4: Per-operative images of the custom prosthesis placement. A. The mandibular and
fossa guides are placed. B. The prosthesis (fossa part) is aligned using the centering pins (orange
arrow). Note the glass marker sphere for post-operative analysis (yellow arrow). C. The fossa part
is placed by screw fixation. D. Final result of prosthesis placement.
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Placement accuracy
On CT images titanium causes streak artefacts, thereby it can obstruct a reliable
post-operative analysis. To enable accurate post-operative evaluation, all skull- and
mandibular parts were supplied with three 2.0 mm spherical glass radiopaque markers,
with an offset from the titanium main parts (see Figure 4B, yellow arrow for an example).
The accuracy of implantation was evaluated after each cadaver test. This accuracy was
derived by superimposing our final design file (STL format) onto the post-operative
CT scan, using the glass tracer spheres as a reference. This placement was performed
by 2 independent observers (JK, BM) in random order. The inter-observer variation is
determined for all 20 prostheses parts (both fossa and mandibular). A post-operative
segmentation was carried out and matching of the post-operative result to the preoperative planning was performed. Skull and mandible, including the corresponding
prosthesis part, were matched separately. Using a best fit alignment function in
Geomagic Studio 2012 (3D Systems, Rock Hill, USA) based on an iterative closest point
algorithm, both the planned and post-operative situations where matched.
The deviation between the planning and post-operative result was registered by centre
point distances, the Euclidean distances based on the x, y, z coordinates of all glass tracer
spheres. From these three values, a mean Euclidean error value and standard deviation
for all fixed prosthesis parts was derived.
Data analysis was performed using IBM SPSS statistics version 23 (IBM corp., Armonk,
NY, USA). Both the mean and standard deviation where calculated for the difference
between the identified landmarks. The inter-observer variability was supported by the
calculation of the intra class coefficient (ICC), in which the value of <0.40 is reported as
poor, 0.4-0.59 fair, 0.60-0.74 good and 0.75-1.00 as excellent (20).

RESULTS
All planned prostheses were successfully implanted, resulting in the total series of 10
implanted prostheses (=20 fixed implanted prosthesis parts –i.e., fossa and mandibular).
After matching with the post-operative CT data, a mean Euclidean error of 0.81 [mm] (SD
0.29, R: 0.49 – 1.60) was found. The mean difference on the fossa parts was 0.80mm (SD
0.29) and for the mandibular parts was 0.82mm (SD 0.31). The values for all implanted
prosthesis parts are presented in Table 1.
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Table 1: Result of post-operative analysis.
Mean Euclidean dist. [mm]
Prosthesis

Fossa

Mandibular

I-L

1.42

0.64

I-R

0.69

0.84

II-L

0.49

0.69

II-R

1.17

1.04

III-L

0.68

0.70

III-R

0.63

1.60

IV-L

0.68

0.71

IV-R

0.77

0.89

V-L

0.91

0.62

V-R

0.60

0.49

Mean

0.80

0.82

SD

0.29

0.31

Total of n=20 prostheses
Mean

0.81

SD

0.29

The inter-observer variation was found to be 0.39mm Euclidean distance, with an
inter class correlation (two-way mixed) of 0.99. The mean deviation between the two
observers was 0.23mm, 0.17mm and 0.16mm in the x, y, z axis respectively.
The surgical approach used for the total joint insertion comprising a pre-auricular and
retro-mandibular incision provided sufficient exposure, resulting in proper implantation
of the prostheses using surgical guides, according to our pre-operative virtual plan.
Figure 4 presents a per-operative impression of the surgical procedure. After guide
removal and positioning of to be fixed prosthesis parts using our centring pins, a clear
visual check was acquired by the surgeon, as well as proper pre-fixation positioning of
the prostheses. Figure 4 shows this per-operative pre-fixation visual check.
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DISCUSSION
We developed and validated a customized TMJ prosthesis, based on the previous
Groningen principles, of the stock prosthesis, in a humane cadaver series (N=10
prostheses). The virtual planning was directly translated to the cadaver using a newly
developed surgical custom made template. This template includes bony fixation,
guidance for the condylectomy and pre drilling of the screw-holes. An exact translation
of the planning was realised and confirmed by post-operative analysis based on CT
imaging.
The Groningen TMJ prosthesis, as it was described in this manuscript, combines both
a validated concept of the previous Groningen TMJ prosthesis and approved methods
for (2)3D virtual planning and design. In addition the translation from virtual planning
to the surgical procedure and post-operative analysis were derived from an oncologic
reconstructive surgery workflow as was described by Schepers et al. 2015 (12).
The design of the Groningen TMJ prosthesis includes a lowered CR, which simulates
the anatomical combination of both rotational- and translational movements of the
condyle (6). In comparison to other commercially available TMJ prostheses, this is
an unique feature (2, 21). In order to realise the planned location of the lowered CR,
accurate translation from planning towards surgical procedure is required. Therefore
the proven methods for placement and drilling guides were used (12), supplemented
with the described centring pins.
In this study we validated the guided placement of the Groningen TMJ prosthesis,
resulting in a mean Euclidean distance deviation of 0.81mm. Multiple studies have
reported patient-related outcome measures, e.g. pain, mouth opening, however no
detailed description of the placement accuracy was found (15, 22, 23). The study of
Haq et al. 2014 reported the use of patient specific cutting guides in order to place a
custom TMJ prosthesis as treatment for ankylosis of the TMJ, in a single stage surgical
procedure. The described concept of the cutting guides is comparable to the methods
described in this manuscript, however the report from Haq et al did not state the use of
guides for pre-drilling the fixation screw holes in the fossa part, nor positioning check
with the use of centring pins. The accuracy of placement of the custom TMJ prostheses
was not reported (24).
The use of customized TMJ prostheses has been reported to have advantages over stock
prostheses. In previous studies, the fitting and placement by guides realised accurate
fit to the bone and stability, which improves osseointegration and thereby the long-
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term success (2, 9). Moreover, custom TMJ prostheses are less likely to exhibit micro
movement when in situ and subject to forces of normal physiology. This is expected to
contribute to an extended lifespan and reduced failure rate (24), and concluded to be a
safe and predicable treatment (25).
This study presents a customised prosthesis that was optimised and validated in a human
cadaver series. After this successfully completed pre-clinical phase and the recently
obtained permission by the local medical ethics board, it can be applied in patients.
At this stage however, no validation of clinical outcome in terms of improvement or
consolidation of the opening of the mouth, decrease in reported pain of jaw function
can be reported. Application of the custom Groningen TMJ prosthesis in a clinical series
of patient will provide information with regard to these functional parameters and is
currently approved by our medical ethical board.

CONCLUSION
This study presents an optimised design for the custom Groningen TMJ prosthesis.
The workflow was validated in a series of 5 human cadavers, resulting in high accurate
placement by using a routine surgical approach.
We conclude that the use of 3D virtual planning and custom production of the TMJ
prosthesis enables accurate surgical placement, and thereby providing the first step in
improvement of treatment options for patients suffering from restricted mouth opening
or pain as a result of TMJ-related ankylosis.
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GENERAL DISCUSSION AND FUTURE PROSPECTS
This thesis describes the optimisation and implementation of 3D virtual surgical
planning (VSP) workflows for three care paths in oral and maxillofacial surgery (OMFS).
The optimisation was achieved by means of the aims of this thesis:
1.
2.
3.
4.

Integration of multi-modality imaging into a single 3D VSP (chapters 2-5).
Systematic comparison with conventional methods, including thorough testing
and validation of new 3D VSP applications (chapters 3, 6-8).
Determination of appropriate indications for the use of 3D VSP in the selected care
paths (chapters 2, 5 and 7).
Throughout this thesis the role of the technical physician was described as a
valuable addition to the surgical team in OMFS. Resulting in adequate development
and implementation of 3D VSP and corresponding patient specific osteosynthesis
and devices.

Implementation of these aims resulted in an improvement of the workflows for 3D
VSP and the corresponding surgical procedures. Improvement was found in terms of
predictability of surgical outcomes, such as the accuracy of planned resections, screw
positioning and positioning of bony structures (e.g. the maxilla) and surgical accuracy
of application of patient specific devices.

Surgery in head and neck oncology
The oncologic-surgical challenge is to plan and perform an adequate resection with
sufficient margin, based on the pre-operative information. Mandibular malignancy
resections frequently include the use of 3D VSP and guided surgery techniques based
on CT data only. This thesis reported a new developed and validated workflow for multimodality image fusion in 3D VSP of mandibular resection. As was proven by the clinical
cohort study (chapter 3) this has led to the improvement of the number of tumour free
bone resection of the mandible.
The processing of the image data (e.g. CT or MRI) in order to obtain an anatomical correct
3D virtual model for 3D VSP is not self-evident. It requires a 3D software architecture
that allows data fusion and segmentation for example, it requires both medical and
technical expertise and can be very time consuming. A 3D VSP should include as much
as possible the available information regarding the bone, tumour and other relevant
characteristics such as peri neural tumour spread and relation to other structures, i.e.
muscle, blood vessels, bone marrow and mucosa (1). A CT-only 3D VSP lacks this tumour
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related information that is required for adequate pre-operative decision making, as it
cannot be seen on CT only (2, 3). The workflow for 3D VSP in our group was based mainly
on a combination of already available software within the University Medical Center
Groningen (UMCG). It is not restricted to the specific software packages that were used
in this study, as only standardized file formats where used (e.g. STL, DICOM and RTSS). In
addition, the scans used in the study where already part of the routine diagnostic workup for head and neck oncology patients. Therefore the multi-modality workflow for 3D
VSP can be easily implemented in other clinics that use 3D VSP.
One could argue that the 100% tumour free bone resections of the mandible (chapter
3) could also be a result of MRI based overestimation of the tumour or wider resection
planning . It is reported for breast cancer that MRI estimates tumour size more accurately,
however also overestimates the size (4). For oral cavity tumours it was reported that MRI
decreases underestimation of the tumour in comparison to CT (5). However, especially
when the MRI presents marrow edema, or suspected peri-neural extension, the exact
tumour border is challenging to delineate (6, 7). Our study protocol prescribes that the
tumour delineation was performed on the MRI by the technical physician, which was
then checked by the radiologist that had made the clinical report of the MRI. In case
areas where suspected for tumour or peri neural tumour spread, these where always
included in the delineation of the tumour margins. Post-operative histopathological
analysis revealed whether tumorous tissue was present at the borders of the resected
bony specimen. In other to confirm histopathologically the exact tumour extension in
suspected areas of bone, it would require the bony specimen to be cut into thin lamellae.
These lamellae should be superimposed on the 3D virtual model of the 3D resection
planning including the tumour and the bone. This is not part of current routine.
The fusion of CT and MRI itself is subject to alignment errors. These errors are described
to be > 1mm (8-10). Further optimisation of this 3D VSP is explored in chapter 4 which
describes the MRI only workflow for mandibular resection. MRI can be used to derive
bone information as well as tumour information, making a CT-MRI fusion superfluous.
However current available sequences for MRI based bone segmentation of the mandible
still have drawbacks. MRI requires, in our own experience, substantially longer data
processing time and difficulties for exact segmentation of cortical borders in anatomical
relevant areas (e.g. mental region) as is described in chapter 4. Further optimisation
of the selected sequences, as well as inclusion of new developed MRI sequences may
provide better contrast of bone in MRI images. As an example, the ultrashort echo time
(UTE) sequences can be used to obtain black bone images. This UTE utilizes TE of only
microseconds which enables the bone to have a dark signal intensity in the MRI image
(11, 12).
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The ability to combine different image modalities in one 3D VSP has proven to be of value
for other applications, such as secondary surgical management of osteoradionecrosis
(ORN) as well. This thesis did not aim to provide a clinical cut-off value for which value
of received radiation dose should be used in case of surgical resection of ORN. In order
to find such cut-off value, a large dataset must be analysed using the described method
of isodose visualisation. It does however present the use of multimodality image fusion
in these cases, which again can easily be adapted and used in centres that use other
software for 3D VSP.

Orthognathic Surgery
This thesis reports the optimisation of the 3D VSP workflow in orthognathic surgery,
by the development and application of patient specific osteosyntheses (PSOs). By
means of chapters 6 and 7, it was found that surgical accuracy of maxillary translations
was improved by the use of PSOs. Chapter 7 defines indications for use in relation
to the planned translation of the maxilla. In both the pilot study (chapter 6) and
the randomised controlled multi-centre trial (chapter 7) it is shown that the use of
PSOs result in a smaller deviation from the 3D VSP, compared to the application of
conventional osteosynthesis material (OSM) in combination with the use of an 3D VSP
based intraoperative splint. Already the use of PSO was reported to improve accuracy, to
be potentially time-saving and not to introduce any difference in required plate removal
compared to conventional OSM (13-15). Current studies lacked a systematic comparison
with conventional methods by means of a randomised controlled multi-center trial. As
this thesis aimed to optimise the workflow for 3D VSP in terms of accuracy, the question
rises up to what level optimisation is required? A study of Proffit et al. 2007 reports that
a deviation from the planned position of the maxilla of 2mm or more is considered
clinically significant and 4mm or more is considered to be above the post-operative
orthodontic achievable range of correction (16). Even though this study was reported
already in 2007, before the use of 3D VSP was integrated in the routine of orthognathic
surgery, it still provides a reference for comparing methods. The use of conventional
OSM was reported to result in deviations of >2mm from the planned position (17-21).
As was presented in the result section of chapter 7 indications for using PSOs where
defined based on this 2mm cut-off value. As an example, an anteroposterior translation
of 3.7mm or more while using the conventional OSM leads to 2mm deviation from
planning, whereas the PSO method leads to only 1.4mm deviation from planning on
average. If another cut-off value, than 2mm, is preferred for using PSOs or application
of conventional splint-based methods, the regression functions obtained in chapter 7
can be solved accordingly. Further, detailed, analysis of subgroups is required in order to
obtain indications for use of PSOs in case of e.g. segmental osteotomies.
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The message is that by using PSO for orthognathic surgery the accuracy of maxillary
translation is improved, and specific indications for use can be derived based on clinical
preferences. Long term stability effects of PSOs are still to be evaluated. For example
it is hypothesized that there can be a difference in the amount of (one year) relapse
between PSO and conventional OSM treated maxilla’s.

Temporomandibular joint surgery
This thesis presented the development of a custom 3D VSP based temporomandibular
joint total joint replacement (TMJ-TJR) device, as it being one of the most advance
applications of 3D VSP. This Groningen TMJ-TJR, was developed according to the
Groningen principle, which includes a 15mm lowered centre of rotation (22). The G-TMJTJR is a multi-material, multi component prosthesis of which 2 parts where customized
compared to the original stock design. The design aims to minimize wear between the
moving parts by an interaction of the zirconia condylar sphere and translation plate
with an ultra-high molecular weight polyethylene disk part. In addition custom surgical
placement guides where developed and applied in order to translate the 3D planned
position of the G-TMJ-TJR towards the actual bony structures with high accuracy. A
humane cadaver series (N = 10 prostheses) received the custom G-TMJ-TJR based on
routine surgical approaches. The accuracy of the positioning of the custom G-TMJ-TJR
was confirmed based on post-operative CT data an 3D data analysis. The benefit of
custom fitter parts in relation to bone (mandible and fossa part) was reported to be
beneficial for stability and improvement of osseo-integration (23-25). Application of a
custom TMJ-TJR device requires less perioperative trimming an re-contouring of the
bone, especially when patients suffer from large mandibular angles or asymmetries
(25). The G-TMJ-TJR has meanwhile been applied successfully in 5 patients. Follow-up in
terms of pain reduction and improvement of function will be reported in future studies.

FUTURE PROSPECTS
Image processing and Deep Learning
This thesis has described several applications for optimization of 3D VSP, however
especially chapter 4 underlines that this does not always result in improvement of user
friendliness or in time efficiency. The anatomical and pathological information for a 3D
VSP is available in the obtained imaging, but it requires to be segmented manually by
an employee involved in the 3D VSP workflow. This employee can make mistakes or
choose a certain interpretation. This employee is trained and will progressively improve
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in performing the segmentations or other interpretations of the data. However, another
approach would be to use a deep learning application that can segment and/or interpret
the image data.
Deep learning is a method of machine learning that enables a computer program to
learn in a progressive way from its own experience, in order to continuously improve
its ability to perform the (3D segmentation) task (26). Artificial neural networks, a type
of deep learning architecture, are computing systems that can learn and progressively
improve their ability to learn (27). When applying this concept to segmentation of
anatomical structures in medical image data (e.g. CT or MRI), this could provide further
optimization of the workflow by automation, decrease of the inter observer variability
and improvement of the accuracy (28, 29). Potentially it would enable accurate and fast
segmentation of the required anatomical structures from each modality that the neural
network is trained to process.
In our group already the first series of automated mandibular segmentation based on CT
data was performed. This was based on a neural network approach in which manually
segmented 3D mandible data was used for training of the network. Hereafter, a series of
new CT data containing the mandible was imported in the network and automatically
segmented. A visualization of a typical result is presented in Figure 1 below, in which 1A
presents a manual segmentation, 1B a result of the neural network algorithm and 1C is
the 3D superimposed image of both A and B, including a colourmap representing the
differences in millimeters. Further studies are required in order to apply these concepts
into the daily practice of 3D VSP and to assure compatibility with additional image
modalities (i.e. MRI and PET). The aim is to further optimize 3D VSP applications and to
use the information that is available in the imaging technology even better.

Figure 1: A comparison between the manual segmentation methods (A) of the mandible and the
neural network algorithm (B) based on CT data. The distance map (C) presents the differences in
milimeter between both models.
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Finite Element Analysis and Implant Design
This thesis describes several applications of patient specific osteosynthesis and devices
(chapters 6, 7 and 8). The shape and fitting of these products was tailored to the contour
of the bone of the individual case. The locations of the screws were planned based
on the thickness of the bone and the expected cortical grip. However the design and
locations of the screws where all off-shelf based and thereby similar to the previously
used conventional alternatives. Although not part of the primary research questions in
this thesis, the mandibular resection cases (chapters 3 and 4) all required application
of reconstructive osteosynthesis, optionally combined with a free vascularized fibular
flap. It is reported that especially this osteosynthesis can be subject to failure in terms of
plate fracture or screw loosening (30, 31).
The application of biomechanical models in order to design osteosynthesis materials and
implants was reported using the finite element (FE) method (31-33). These FE models
are not uniform and have a variation in required input factors such as constraints, load,
mechanical properties of the bone, muscle forces and vectors. The application of a FE
model can predict the behavior of e.g. osteosynthesis plates or implants. In search of
further optimization of the design of 3D VSP based osteosynthesis and implants, the
output of a FE model should be applied in the design process by means of a topology
optimization (TO) process. Topology optimization is a mathematical method that,
given certain boundary conditions, can optimize the design or layout of an object.
In our group the first experiments are performed in which a mandibular defect after
planned tumour resection is reconstructed with TO based design of reconstructive
osteosynthesis materials. An example of a freeform design result is presented in Figure
2. In Figure 2A an example of a TO-based design with a fibular graft is presented. Figure
2B presents the application of a TO based reconstructive OSM only.
Application of TO will be explored in future study, using a FE model, applied to the design
of osteosynthesis and implants and optimal locations for screws in OMFS. Not only will
this enable the evaluation of different designs, also the use of different materials with
different characteristics (e.g. wear rate or stiffness) can be evaluated.

Augmented reality
This thesis has described 3D VSP applications that mainly use patient specific 3D printed
surgical guides for translation towards the surgical procedure. The use of intra operative
navigation is frequently reported as an alternative translation method of 3D VSP into
surgical procedure(34-37). Using intra operative navigation has reported drawbacks,
which are mainly that the surgeon has to look away from the surgical field in order to
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receive feedback from the system (38) and absence of haptic feedback received by the
surgeon during the cutting or drilling, which is the case when using 3D printed guides.
When the 3D information could be projected onto the surgical field, with good stability
and accuracy, this could optimize the translation from 3DVSP to the actual surgical
procedure. The use of augmented reality (AR) via head mounted devices (HMDs) has
been reported as a potential technique for translating 3D VSP to the actual surgical
procedure (39). Figure 3 presents a schematic overview of a typical set-up when using
intra operative navigation without (Figure 3A) and with (Figure 3B) AR via a HMD.

Figure 2: A. An example of a topology optimised design for OSM with a fibula graft. B. An example
of a topology optimised design for reconstructive OSM without a fibula graft.

Figure3: A. The use of intraoperative navigation with a wall mounted screen. B. The use of intra
operative navigation with a HMD an AR projection
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In our group we have developed a method that integrates the use of both intra
operative navigation and a HMD which projects AR content (Figure 3B). This workflow
was validated by means of an user performance evaluation on a phantom object. This
resulted in a significant improvement of both speed and accuracy in navigational
tasks, when the AR HMD was applied (Glas et al. submitted at PloS One, at the time of
preparing this thesis). Overall completion of the navigational tasks where performed 1.7
times faster and 0.8mm more accurate when using AR via an HMD, compared to the
use of the intra operative system only. The next step is to implement this workflow into
clinical practice. The multi-modality 3D VSP as described in this thesis, will be the base of
the surgical procedure. The translation towards this procedure can be performed with
the AR on a HMD. Future studies should compare this method to the use of 3D printed
guides or intraoperative navigation solely, and reveal the added value and indications
for use of AR in OMFS.

Technical Physician
The expectations described in the future prospects section above, as well as the results
described in this thesis underline that technology and engineering expertise are
increasingly important in OMFS. Current routines already rely on the use of 3D VSP and
related technologies. In the coming years it is likely that the use of imaging techniques, 3D
VSP and PSOs will be used more frequently and in other, new, applications as it becomes
more readily available and the advantages are systematically reported in literature. This
requires the systematical embedding of medical-technical expertise within the OMFS.
As was pointed out within this thesis a new health professional, the technical physician,
is a professional that combines both medical and technical expertise in the field of
OMFS. This professional can independently perform clinical tasks and perform the 3D
VSP workflows required for the applications described in this thesis.
Integration of a technical physician, trained within the field of OMFS, to the team
of practitioners assures efficient use of 3D technology. In addition, it enables early
signaling of new technology and development and validation of new 3D workflows.
This makes the technical physician a valuable addition for the field of OMFS in the new
era of 3D VSP.
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CONCLUSION
The new strategies for 3D VSP in OMFS, provided by this thesis, improve the treatments
in terms of predictability, accuracy and provides detailed possibilities for postoperative
evaluation. This thesis optimizes the workflows, systematically compares the 3D VSP
methods to conventional methods and objectifies the indications for use of 3D VSP. In
the new era of 3D VSP the 3D technology will be applied for every patient, not when we
can, but when we should.
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Summary

SUMMARY
Three dimensional virtual surgical planning (3D VSP) has become a structural component
in the armamentarium of the oral and maxillofacial surgeon. Over the years the 3D
technology has proven to increase the predictability, accuracy and speed of surgical
procedures within the field of oral and maxillofacial surgery (OMFS).
This thesis aimed to improve the workflows for 3D VSP, in order to further improve
surgical procedures in OMFS and provide definitions of adequate indications for use of
3D VSP.
1.
2.
3.
4.
5.

In the new era of 3D VSP, optimisation is required on following components:
Integration of multi-modality imaging into a single 3D VSP.
Systematic comparison with conventional methods, including thorough testing
and validation of new 3D VSP applications.
Definition of adequate indications for the use of 3D VSP.
Definition of required technical and medical expertise for conforming
implementation of 3D VSP.

This thesis addresses these components and aims to presents new and validated
methods in three main pillars of OMFS. For each of these applications it is emphasized
that the new profession of the technical physician seems to be crucial for translation
technological developments and innovations into clinical practice.

Surgery in head and neck oncology
An important step for optimisation of the 3D VSP workflow is to combine multiple
image datasets into one 3D model of the patient. Chapter 2 presents the development
and validation of a method to combine both CT and MRI datasets for 3D visualisation
of the bone (CT) and the tumour (MRI). This method was developed to optimise the 3D
VSP for resection of malignancies related to the mandible. As is presented in chapter 3
the clinical application of this workflow leads to an improvement of tumour free bone
resections of the mandible (100% of the cases in this study). This underlines the added
value of having a multi-modality, more complete, 3D model for 3DVSP. However each
fusion of data will introduce some error, as the scans have to be aligned and that will
not be perfect. This misalignment can be up to 1-2mm. In chapter 4 a potential solution
is explored by means of the MRI-only planning. This chapter presents the addition of
the blackbone MRI sequences to the standard diagnostic protocol, in order to enable
MRI based 3D bone models. The concept works, however the bone models are not
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optimal. It also requires time intensive segmentation and a lot of manual corrections
and interpretation. At this stage it is concluded that MRI only 3D VSP requires further
optimisation of the MRI protocol for scanning and segmentation.
The workflow developed in chapter 2 uses only standardised file formats and therefore
is easily implemented in other 3D applications as well. An example is described in
chapter 5, where in addition to CT or MRI data the radiation oncology planning is
included in the 3D VSP. This allows a 3D visualisation of the isodose lines that represent
the received radiation dose at each desired location of the mandible. In case of severe
osteoradionecrosis, when a continuity resection is required, this can support the
decision on where to perform the osteotomies.

Orthognathic surgery
In orthognathic surgery 3DVSP has also proven to contribute to the predictability of
surgical outcomes and the ability to simulate and evaluate these procedures. In most
routines, a 3D VSP of the required translation of the jaws is made, and this is translated
towards the surgical procedure by a 3D printed/milled splint. As a next step, not only
is 3D VSP used to plan the translation of the jaws in orthognathic surgery, currently
also patient specific osteosynthesis (PSO) that fixate the jaws, are applied. This thesis
presents the development of a new method for PSO for translation of the maxilla
(chapter 6) which resulted in accurate translation of the 3D VSP towards the actual
surgical procedure. In chapter 7, by means of a multi center randomized controlled trial,
the added value of this PSO method was defined by comparison with the conventional
splint-based method. This resulted in the definition of the indications for use of PSO.
It was found that the results for the patients in the PSO group where better (closer to
the 3D planned position) in all directions, compared to the control group. Significant
differences were found in the anterior-posterior and the left-right directions of
translation of the maxilla. In addition it was found that for larger planned translations of
the maxilla the difference between the PSO- and the conventional method was larger.
As an example, it is stated that planned an anterior-posterior translation of 3.5mm or
more is an indication for the use of PSO. This is based on a reported clinically relevant
deviation from the planned position of 2mm or more.

Temporomandibular Joint Surgery
Patients who suffer from osteoarthritis, recurrent ankyloses or a tumour in the
temporomandibular joint (TMJ) can present with symptoms such as a severely restricted
mouth opening, pain or other dynamic restrictions of the mandible. In severe cases a
total joint replacement (TJR) may be indicated. Studies have reported that such TMJ-TJR
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can improve the maximum mouth opening and reduce the pain. One of the challenges
of replacing the TMJ is the imitation of the complex movements of the natural TMJ,
including both a rotational and translational component. The Groningen TMJ-TJR
device, developed in the 90’s, accounted for this problem by the use of a lowered center
of rotation. The device was successfully applied in patients. However, as also other
TMJ-TJR devices experienced, when fabricated as a stock device, the devices can have
a suboptimal fit. This leads to suboptimal post-operative TMJ functioning or requires
extensive per-operative re-contouring of the bone. A potential solution is to customize
the parts of the prosthesis that fit the bony surface of the mandibular and the skull
base. This thesis presents, in chapter 8, the development of a customized 3DVSP based
TMJ-TJR device, based on the Groningen principle including custom surgical placement
guides. A humane cadaver study was performed with a total of n=10 TMJ-TJR devices
implanted. Based on post-operative CT data the accuracy of placement was found to be
0.81mm Euclidian distance on average. Thereby it is concluded that the use of 3D VSP
and custom production of the TMJ-TJR device enables accurate surgical placement. This
provides the first step in improvement of treatment options for patients suffering from
restricted mouth opening or pain as a result of TMJ related ankylosis.

General Conclusion
The new strategies for 3D VSP in OMFS, provided by this thesis, improve the treatments
in terms of predictability, accuracy and provides detailed possibilities for postoperative
evaluation. This thesis optimizes the workflows, systematically compares the 3D VSP
methods to conventional methods and objectifies the indications for use of 3D VSP. In
the new era of 3D VSP the 3D technology will be applied for every patient, not when we
can, but when we should.
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SAMENVATTING
Driedimensionale virtuele chirurgische planning (3D VCP) is een integraal onderdeel
geworden bij diverse operaties binnen het vakgebied van de mondziekten, kaak- en
aangezichtschirurgie (MKA-chirurgie). Het gebruik van 3D VCP draagt bij aan het
vergroten van de voorspelbaarheid, de nauwkeurigheid en de snelheid van chirurgische
procedures.
Dit proefschrift beschrijft meerdere chirurgische procedures waarbij 3D VCP een
duidelijke rol heeft, met als doel om deze in de MKA-chirurgie te verbeteren.
Inhoudelijk gaat het om de volgende componenten:
1.

2.

3.
4.

Integratie van verschillende beeldvormende modaliteiten, zoals de CT-scan
(Computer Tomografie) en MRI-scan (Magnetic Resonance Imaging), binnen één
3D VCP.
Systematische vergelijking van de 3D VCP-werkwijze met conventionele chirurgische
planningsmethoden. Bij deze laatste categorie wordt de operatie uitgevoerd puur
op basis van de chirurgische handvaardigheid in plaats van gebruik te maken van
3D-technologie.
Vaststellen van de indicaties voor het toepassen van 3D VCP en hierop gebaseerde
patiënt specifieke osteosynthese materialen.
Bepalen van de benodigde technische en medische expertise om verdere
ontwikkeling en implementatie van 3D VCP binnen de MKA-chirurgie te kunnen
realiseren.

Dit proefschrift presenteert nieuwe en gevalideerde methoden binnen drie belangrijke
aandachtsgebieden van de MKA-chirurgie: hoofd-hals oncologie, orthognatische
chirurgie en kaakgewrichtschirurgie.

Hoofd-hals oncologische chirurgie
Een belangrijke stap in het optimaliseren van de 3D VCP methoden is de combinatie van
meerdere beeldvormende technieken in één 3D virtueel chirurgisch plan. Hoofdstuk
2 laat zien hoe een gevalideerde methode het mogelijk maakt om zowel CT- als MRIscans in een 3D virtueel operatie plan op te nemen voor toepassing tijdens operaties
bij kanker in het hoofd-hals gebied. Dit heeft als voordeel dat voorafgaand aan de
oncologische operatie meer informatie van zowel het bot, de weke delen als de tumor
kan worden gevisualiseerd. Deze methode wordt in hoofdstuk 3 toegepast op een
cohort van patiënten bij wie een deel van de onderkaak moet worden weggenomen
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vanwege een kwaadaardige tumor. Op basis van de uitkomsten van deze studies kan
worden vastgesteld dat door deze geoptimaliseerde 3D VCP methode, met integratie
van meerdere beeldvormende technieken, in 100% van de gevallen de tumor volledig
uit het bot van de kaak kon worden weggenomen. Zonder gebruik van deze methode
werd in het verleden, gebaseerd op analyse van een historisch cohort, in 96,4% van
de gevallen de tumor volledig uit het bot van de kaak weggenomen. Kortom, de
ontwikkelde methode zorgt voor een meer nauwkeurige en voorspelbare chirurgische
ingreep.
Het fuseren van een CT-scan en een MRI-scan is uitdagend en kan zorgen voor een
onnauwkeurigheid in de uiteindelijke 3D VCP die gebaseerd is op de gecombineerde
gegevens. Ondanks het gebruik van specifieke fusie software en een gevalideerde
werkwijze voor het fuseren van de verschillende scangegevens, kan dit zorgen voor
een onnauwkeurigheid van >1,00mm. In hoofdstuk 4 wordt een methode onderzocht
waarbij de fusie tussen CT- en MRI-scan niet meer nodig is om tot een 3D VCP te komen,
zonder dat de benodigde (3D-tumor) informatie in het 3D-planningsmodel verloren
gaat. Het blijkt dat met de beschikbaar gekomen nieuwe MRI-scan methodiek de
informatie van botweefsel, die tot op heden alleen nauwkeurig op een CT-scan kon
worden bepaald, ook nauwkeurig van de MRI-scan kan worden afgeleid. De informatie
omtrent de omvang van de tumor kan alleen van een MRI-scan worden afgeleid.
Wanneer nu, met de ontwikkelde methode, de informatie over het botweefsel ook van
een MRI-scan afgeleid kan worden, is de fusie met CT-scan dus mogelijk overbodig. In
deze studie worden verschillende MRI-sequenties (gewogen opname waarbij bepaalde
weefsels beter zichtbaar kunnen worden gemaakt) getest voor het 3D afbeelden van
kaakbot. Op dit moment blijkt deze toepassing echter nog te variabel en niet efficiënt
in gebruik. Een eerste klinische test kan worden voltooid, maar er is nog verbetering van
de MRI-sequenties nodig voordat dit een structureel toepasbare oplossing biedt.
In hoofdstuk 5 wordt een andere toepassing van de datafusie vanuit verschillende
beeldvormende technieken beschreven. Een complicatie van bestraling bij kanker
in het hoofd-halsgebied is het ontstaan van celdood (necrose) van kaakbot
(osteoradionecrose). In ernstige gevallen zal de behandeling hiervan bestaan uit een
operatie om het afgestorven kaakbot te verwijderen met als doel het proces van necrose
te stoppen. Met de huidige technieken is het bepalen van de omvang en uitbreiding
van het necrose proces in de kaak echter moeilijk en weinig nauwkeurig. Dit leidt vaak
tot uitgebreidere verwijdering van kaakbot dan wellicht noodzakelijk. Wanneer in de
ontwikkelde 3D VCP voor het chirurgisch te verwijderen necrotische kaakbot tevens
de tijdens de radiotherapie gegeven cumulatieve bestralingsdosis op het kaakbot kan
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worden weergegeven, is het wellicht mogelijk om tot een meer accurate bepaling van
het te verwijderen kaakbot te komen. In hoofdstuk 5 wordt dit concept uitgewerkt en
geïllustreerd aan de hand van enkele patiënten met ernstige osteoradionecrose.

Orthognatische chirurgie
Bij de chirurgische planning van standscorrecties van de kaak, de zogenaamde
orthognatische chirurgie, heeft 3D VCP haar meerwaarde reeds bewezen. Het verbetert
de voorspelbaarheid en de nauwkeurigheid van de kaakoperatie. Tevens is het
mogelijk om voorafgaand aan de operatie verschillende opties voor de chirurgische
behandeling virtueel te simuleren en hieruit de beste te selecteren. Na het maken van
een 3D VCP wordt deze in de meeste gevallen vertaald naar de chirurgische procedure
met behulp van een 3D-geprinte splint (bijtplaatje). Deze splint wordt door de MKAchirurg gebruikt om het kaak-deel naar de geplande nieuwe positie te verplaatsen en
dit deel vervolgens vast te zetten met titanium fixatieplaatjes (osteosynthese plaatjes)
en schroefjes. Dit proefschrift beschrijft de ontwikkeling van een methode (hoofdstuk
6) waarbij ook de osteosynthese plaatjes patiënt specifiek in 3D worden voorbereid en
geproduceerd voor verplaatsing van de bovenkaak. Hierdoor blijkt het mogelijk om een
nog nauwkeurigere vertaling van de virtuele geplande positie naar de daadwerkelijk
gerealiseerde positie van dit kaakdeel te realiseren, in vergelijking met het toepassen
van alleen een 3D geprinte splint (conventionele methode).
In hoofdstuk 7 wordt in een prospectieve, gerandomiseerde studie deze nieuwe
methode van het toepassen van 3D-geplande Patiënt Specifieke Osteosynthese
plaatjes (PSO) vergeleken met de conventionele methode. Op basis van loting zijn
deelnemende patiënten ingedeeld in twee groepen die volgens de nieuwe of de
conventionele methode worden behandeld. Bij deze conventionele methode, waarbij
alleen een patiënt specifieke splint wordt toegepast in combinatie met de standaard
osteosynthese plaatjes, moet de MKA-chirurg die tijdens de operatie manueel op maat
maken. De uitkomst van deze studie laat zien dat het gebruik van PSO zorgt voor een
meer nauwkeurige verplaatsing van de bovenkaak. Bovendien werd duidelijk dat bij een
grotere geplande correctie van de bovenkaak, het verschil dat PSO maakt ten opzichte
van de conventionele methode, eveneens groter is. In hoofdstuk 7 wordt daarnaast in
meer detail stilgestaan bij de huidige indicaties voor het gebruik van PSO binnen de
orthognatische chirurgie.

Kaakgewrichtschirurgie
Patiënten die lijden aan afwijkingen van het kaakgewricht (TMG), zoals osteoartritis,
terugkerende ankylose (verbening in het gewricht) of een tumor, kunnen symptomen
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zoals een ernstig beperkte mondopening, pijn of andere dynamische beperkingen
van de functie van de onderkaak ervaren. In ernstige gevallen kan een volledige
gewrichtsvervanging noodzakelijk zijn. Uit studies is gebleken dat een totale TMGprothese kan zorgen dat de mondopening verbetert en de pijn afneemt. Reeds in
de jaren ’90 werd de Groningen TMG-prothese ontwikkeld en succesvol geplaatst bij
een serie patiënten. Een van de beperkingen van deze prothese, evenals van andere
commercieel verkrijgbare prothesen, is de pasvorm. De prothese werd alleen in een
aantal standaard pasvormen geleverd en was niet beschikbaar met een volledig
individuele pasvorm (naar de anatomie van de patiënt). Dit proefschrift beschrijft
(hoofdstuk 8) de doorontwikkeling van de Groningen TMG-prothese op basis van 3D
VCP. Met het beschikbaar komen van 3D-printers, waarmee medische kwaliteit titanium
producten kunnen worden gemaakt, die voldoen aan dezelfde normen als de destijds
ontwikkelde en klinisch geteste standaard gewrichtsprothese, is het mogelijk geworden
de pasvorm van de TMG-prothese voor iedere patiënt volledig specifiek te maken. Er
werd een humane kadaverstudie uitgevoerd waarbij in totaal tien patiënt specifieke
Groningen TMG-prothesen werden geplaatst. Hierbij werd tevens de nauwkeurigheid
van plaatsing van de individuele TMG-prothese getest met het toepassen van hiervoor
ontwikkelde 3D-geprinte plaatsingsguides. Het blijkt mogelijk de ontwikkelde
patiënt specifieke Groningen TMG-prothese uiterst nauwkeurig te plaatsen, te weten:
< 0,81mm ten opzichte van de vooraf bepaalde positie in de 3D VCP. De individuele
Groningen TMG-prothese wordt nu toegepast bij patiënten in plaats van de prothese
met standaard pasvorm.

Technisch Geneeskundige
De bevindingen die in dit proefschrift beschreven staan benadrukken dat technologie
en medisch technologische expertise in toenemende mate belangrijk zijn binnen
de MKA-chirurgie. In de huidige routine wordt er inmiddels veel gebruikt gemaakt
van 3D VCP. Het is daarnaast aannemelijk, mede gebaseerd op het stijgende aantal
wetenschappelijke publicaties op dit terrein, dat in toenemende mate gebruik zal
worden gemaakt van medische beeldvorming (e.g. CT-, MRI-scans), 3D VCP en patiënt
specifieke implantaten. Deze ontwikkelingen vragen om een systematische inbedding
van de benodigde technologische en medische expertise binnen de MKA-chirurgie.
Het integreren van een technisch geneeskundige, opgeleid binnen het vakgebied van
de MKA-chirurgie waarborgt efficiënt en adequaat gebruik van 3D-technologie. Tevens
kan dit vroege signalering van nieuwe technologie, alsmede eigen ontwikkeling ervan,
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bevorderen. Dit maakt dat de technisch geneeskundige als beroepsbeoefenaar een
waardevolle aanvulling is binnen het vakgebied van de MKA-chirurgie in dit nieuwe
tijdperk van 3D VCP.

Conclusie
De nieuwe 3D VCP methoden, zoals beschreven in dit proefschrift, verbeteren binnen
de MKA-chirurgie de behandeling in termen van voorspelbaarheid, accuratesse,
snelheid en postoperatieve evaluatie. Dit proefschrift heeft bestaande methoden
geoptimaliseerd, systematische vergelijkingen met conventionele methoden gemaakt
en daarmee indicaties voor het gebruik van 3D VCP geobjectiveerd.
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we na de middelbare school ‘toevallig` op dezelfde studiekeuze uitkwamen en dat nu
ook deze interesse in dezelfde materie ons beiden naar de afdeling MKA-chirurgie en het
3D-lab heeft gebracht. Je scherpe kritische blik en daarbij altijd oplossingsgerichtheid
zijn een aanwinst. We gaan er nog veel meer moois van maken wat mij betreft, ouwe
paranimf!
Ing. B.M. Merema, beste Bram, al tijdens het afstuderen voor jouw opleiding
werktuigbouwkunde bij ons op de afdeling bleek je interesse in het ontwerpen van
medische implantaten. Je maakte indruk tijdens het afstuderen en hebt je inmiddels
ontwikkeld tot de design specialist van de afdeling. Jouw zorgvuldigheid en grote
kennis van ontwerpen en software worden erg gewaardeerd! We gaan hopelijk samen
nog vele nieuwe implantaten en 3D-toepassingen realiseren.
Dr. P.M.A. van Ooijen, beste Peter, mede dankzij jouw inspanningen en enthousiasme
is het UMCG 3D-lab de afgelopen jaren sterk gegroeid. Vanaf het begin werkten we veel
samen, initieerden onderzoek en onderwijs en dat waardeer ik zeer. Jouw kennis van
medische beeldvorming en uitgebreide netwerk, vooral binnen de radiologie, zijn van
grote waarde. Ik hoop in de toekomst, ook in je nieuwe rol, met je blijven samen te
werken.
Dhr. R van der Graaf, beste Ron, in de mijns inziens korte tijd die je nog maar op
de afdeling MKA-chirurgie of überhaupt binnen het UMCG werkt, heb je toch al veel
gerealiseerd en mogelijk gemaakt. Ik heb sinds je start als manager van onze afdeling,
vrij intensief met je kunnen samenwerken.In die tijd heb ik veel van je geleerd. Bij de
totstandkoming van dit proefschrift hebben we niet veel met elkaar te maken gehad,
maar voor de doorontwikkeling van ons 3D-Lab des te meer! Je hebt een, voor een
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ziekenhuis, atypische kijk op dingen en hele fraaie methodologieën om deze toe te
passen op onze situatie. Of we nu werken aan de aankoop van 3D-software, zoeken naar
een oplossing voor een 3D-huisvestingsprobleem of een visie voor de doortonwikkeling
van het lab uitwerken; we maken er altijd een moment met veel humor maar toch
effectieve productie van. Bedankt en ik hoop nog veel met je samen te kunnen werken
de komende jaren.
Dhr. R.M. Rolvink, beste Richard, ik heb met jou de eerste jaren van mijn aanstelling
veel gesproken over de vormgeving van het 3D-Lab en hoe we dit met z’n allen allemaal
in de organisatie konden regelen. Je wist overal wel iets voor of kende ergens iemand,
en betrok diegene er dan zonder uitzondering ook instantaan bij. Of die manier hebben
we veel geregeld samen en werden er nieuwe softwarepakketten, werkplekken,
3D-schermen, 3D-printers en nog vele andere zaken in no time gerealiseerd. Daarnaast
heb je ook voor mijn ontwikkeling veel betekend, je maakte mij wegwijs binnen de
organisatie en hebt samen met Fred gezorgd dat de technisch geneeskundige kwam te
bestaan in de administratie van het UMCG. Bedankt!
Prof. dr. P.U. Dijkstra, beste Pieter, wanneer ik met jou praat blijft een eerste lach nooit
lang uit. We hebben voor mijn onderzoek een aantal keer erg fraai kunnen sparren over
hoe de data die we hadden verkregennu geïnterpreteerd kon, en misschien wel, moest
worden. Je wist altijd erg snel tot de essentie te komen en mij de verschillende opties te
laten afwegen. Ik bedank je voor jouw hulp en humor.
Drs. B. Dorgelo, Drs. M.J. Lamers, Beste Bart, Marjolein, dankzij jullie hulp, en in het
bijzonder radiologische expertise, heb ik in dit proefschrift een nieuwe methode voor
3D-operatievoorbereiding van tumorresecties kunnen ontwikkelen. Hiervoor wil ik
jullie erg bedanken.
Dr. R.J.H.M. Steenbakkers, beste Roel, dankzij jouw ondersteuning van mijn onderzoek,
en ook begeleiding in mijn opleiding, heb ik veel geleerd van de radiotherapie en de
technieken voor datafusie. Je was altijd erg benaderbaar en bereid mee te denken, dank
daarvoor.
Dr. H.A.T. Miedema, beste Heleen, als grondlegger van de technische geneeskunde
en als opleidingsdirectrice op de Universiteit Twente heb je mij zeer geïnspireerd.
Het lukt je om velen te overtuigen van de noodzaak tot implementatie van technisch
geneeskundige expertise in de zorgroutine. Hierbij wijs je op kloof die bestaat tussen
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arts en ingenieur, tussen zorg en technologische ontwikkeling. Daartussen dient de
technisch geneeskundige zijn rol te nemen en de zorg te verbeteren. Ik hoop ook de
komende jaren het goede contact voort te zetten.
Prof. dr. C.H. Slump, beste Kees, je was al sinds mijn eerste stage op de afdeling MKAchirurgie enthousiast over het UMCG en zeker niet minder over de stad Groningen.
Mijn interpretatie van dit laatste is dat de sfeer en het ontbreken van sluitingstijden van
de lokale horeca hierin meewegen. Voor mij in ieder geval. We hebben inmiddels vele
(stage)projecten gezamenlijk begeleid en dat was voor mij altijd een zeer plezierige
samenwerking. Ook vind ik het een eer dat je als opponent plaats wilt nemen bij de
verdediging van mijn proefschrift, zoveel jaren na de eerste stage, die ik onder jouw
begeleiding, op dit 3D-onderwerp heb kunnen doen.
Koos, Taco, Marieke, Diederik en Wouter een eervolle vermelding voor jullie kan
natuurlijk niet uitblijven! Vanaf het eerste uur trekken we met elkaar op en werd er lol
gemaakt. Bedankt voor alle leuke activiteiten de afgelopen jaren en ook voor de tips &
trics in het doen van onderzoek.
3D Lab: Peter, Anne, Ricardo, Bingjiang, Nick, Met veel plezier en inspiratie werk ik
met jullie samen in ons 3D-Lab. Er hangt altijd een goede sfeer, iedereen denkt met
elkaar mee en ook buiten werktijd hebben we regelmatig lol gehad op een terras of
iets van die strekking. Bedankt voor jullie enthousiasme inspiratie en gezelligheid de
afgelopen jaren. Thanks!
Drs. N. Vosselman, beste Nathalie, in de jaren die je bij ons werkt heb ik een continue
interesse in 3D-technologie ervaren. Dit blijkt ook uit het feit dat je eigen onderzoekslijn
met veel 3D-technologie versterkt wordt. Je hebt hier zelf reeds veel ervaring en
handigheid in, maar ik zie zeker uit naar een intensieve samenwerking de komende
jaren.
Gert Seubers, beste Gert, voor bijna iedere wetenschappelijke studie hebben we
medewerking van patiënten nodig, zo ook voor die van mij. En wanneer dit aan de
orde was kon ik altijd op jouw hulp rekenen om dit zorgvuldig te regelen. Ook wil ik je
bedanken voor jouw hulp en overzicht op de (OST-)poli’s waar we elkaar iedere week
treffen.
Ashwin Beekes, beste Ashwin, al vanaf mijn eerste experiment, ja die met de
runderkaken, heb je mij intensief geholpen. Helaas konden niet alle foto’s bij het artikel
geplaatst worden, maar dat je wel van een fijn stukje rundvlees houdt is duidelijk.
Bedankt voor jouw hulp en altijd gezellige praatje!
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Jan Hendrik Potze, beste Jan Hendrik, zodra we iets willen aanpassen aan MRIbeeldvorming dan bellen we jou. Je hebt een zeer gedetailleerde kennis van de MRI en
hebt ook altijd goeie ideeën om de beelden nog beter te krijgen. Je hebt ons ook ver
buiten reguliere werktijden geholpen met test-scans en niet zonder resultaat. Hartelijk
dank!
Lisa, Angelika, Fieke en Nienke, ik wil jullie hartelijk bedanken voor de gezellige en
relativerende gesprekken. Altijd behulpzaam en geïnteresseerd, ik weet niet beter, maar
volgens mij is de sfeer op het secretariaat van de MKA-chirurgie erg uniek!
Harrie de Jonge, beste Harrie, niet zelden heb ik jouw hulp gevraagd bij ICT gerelateerde
zaken. Of het nu ging om een nieuwe computer of een account of weer iets anders,
dankzij de 3D-ontwikkelingen heb je veel verzoeken gekregen, en ingewilligd! Bedankt
voor het faciliteren hiervan.
Dear Yong Oock Kim and In Sik Yun, It was my pleasure getting to know you and visit
your nice country a few times. Your work is very advanced and I like the way you develop
and implement new technology in healthcare. I hope we meet again soon,
행운을 빌어 고맙습니다 (thank you and good luck!?)
CBT, beste collega’s van het centrum voor bijzondere tandheelkunde, bedankt voor
jullie prettige samenwerking en interesse in de 3D-technologie.
Alle administratief medewerkers, onderzoekers, (OK) verpleegkundigen en
stagiaires, dank voor jullie interesse in mijn onderzoek en betrokkenheid en hulp in de
patiëntenzorg.
Mick en Bram, altijd gezellig wanneer we samen zijn, we maken er ook nu weer een
leuk feest van na de promotieplechtigheid!
Pap en Mam, bedankt voor al jullie interesse, steun en het mogelijk maken van alle
jaren studeren. Daarbij eindeloos verhuizen door het land om uiteindelijk weer dicht bij
huis, in Groningen te belanden. Wel zo gezellig!
Merel, lieve Merel, bedankt voor al je hulp, het meedenken en goeie ideeën om dit
proefschrift beter te maken, ik hou van je!
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